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Abstract

Background and objectives: Anti-inflammatory therapies are tested in randomized trials for secondary stroke
prevention. Detecting inflammatory biomarkers that predict vascular recurrence could optimize patient selection for
these trials.

Methods: In a multicenter prospective cohort study, we measured plasma levels of 22 inflammatory cytokines in 486
acute stroke patients (474 ischemic strokes and |2 intracerebral hemorrhages; median age 68years, 34% female, median
3 days post-stroke onset). Patients were followed for over 5years through telephone and in-person interviews to record
the occurrence of the following outcomes: (1) recurrent stroke or transient ischemic attack (TIA; primary outcome);
(2) a composite of recurrent vascular events (stroke, TIA, acute coronary syndrome, hospital admission due to heart
failure, and death; secondary outcome). Associations between cytokine levels and these outcomes were analyzed using
Cox proportional hazards models adjusted for demographic and vascular risk factors.

Results: During the 5-year follow-up period, 59 patients (12.1%) experienced recurrent stroke or TIA, and | 18 (24.3%)
experienced recurrent vascular events. After adjustments for demographic and vascular risk factors, and correction for
multiple comparisons, higher plasma levels of CD62E (adjusted Hazard Ratio (aHR)/SD increment: .63, 95%Cl [.22—
2.20) and MIF (aHR: 1.56, 95%CI 1.18-2.06) in the acute phase after stroke were statistically significantly associated with
increased risk of recurrent stroke or TIA. The associations followed a dose-response pattern across quartiles of CD62E
and MIF levels. Adding baseline CD62E and MIF levels to models including age, sex, vascular risk factors, and baseline
C-reactive protein (CRP) levels led to significant improvements in the prediction of 5-year risk of recurrent stroke or
TIA (AC-index 0.030-0.050).

Conclusion: Among stroke patients, higher baseline levels of CD62E and MIF improved prediction of 5-year risk of
recurrent stroke or TIA on top of vascular risk factors and CRP levels. Whether assessment of these cytokines could
improve patient selection for secondary prevention trials of anti-inflammatory treatments, should be explored in future
studies.
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Introduction

Stroke is one of the leading causes of mortality and adult
disability worldwide. In 2021, there were 93.8 million
recorded prevalent strokes, accounting for 7.3 million
deaths and 160.5 million disability-adjusted life-years glob-
ally.! Stroke prevalence is projected to increase from 3.9%
to 6.4% among the U.S. adult population, posing a major
public health burden.? Despite advances in secondary pre-
vention, stroke survivors face an alarmingly high risk of
recurrent vascular events, with up to 40% encountering a
new stroke, acute coronary events, or cardiovascular death
within 5years.>® These rates point to a high residual risk
that current secondary prevention strategies fail to address.’

A growing body of evidence supports targeting inflam-
mation as a potential strategy for secondary stroke preven-
tion.®'° The central role of inflammation in the progression
of atherosclerotic cardiovascular diseases'' and stroke has
been well documented through experimental research'?,
genetic epidemiology'®'#, and vascular imaging studies.'>!
Moreover, three phase 3 trials (CANTOS,!” LoDoCo2,'
COLCOT") provided evidence that anti-inflammatory
treatment with canakinumab or colchicine reduces vascular
events in patients with coronary artery disease. Aiming to
translate this concept to secondary stroke prevention, the
recently completed CONVINCE study which testing the
non-specific anti-inflammatory drug colchicine revealed no
significant reduction in recurrent vascular events among
patients with a recent non-disabling non-cardioembolic

stroke.'®?° However, notable risk reductions were observed
in subgroups with atherosclerotic carotid stenosis or a his-
tory of coronary artery disease, underscoring the necessity
for a more precise selection of patients who could benefit
from anti-inflammatory therapies.

High-sensitivity C-reactive protein (CRP) and interleu-
kin-6 (IL-6) are established inflammatory markers strongly
associated with cardiovascular disease risk.??> Both bio-
markers have been previously associated with the risk of
incident?? and recurrent®* stroke. CRP has also been used to
select patients for inclusion in trials testing anti-inflamma-
tory agents for cardiovascular disease.'’”?> However, their
utility for secondary stroke prevention is debated due to
high intra-patient variability, especially in the acute phase
of stroke, and their lack of specificity for vascular inflam-
mation.”® Moreover, both proteins are acute-phase reac-
tants, and their levels might increase as a result of infections
or systemic inflammatory conditions.?’

In order to improve risk stratification and optimize
patient selection for anti-inflammatory secondary preven-
tive strategies, it is essential to identify and validate new
biomarkers.?® Here, we performed an exploratory analysis
within the multicenter prospective DEMDAS cohort — to
investigate a literature-informed panel of 22 cytokines,
chemokines and adhesion proteins as predictors of vascular
recurrence. Specifically, we measured baseline plasma lev-
els of these mediators in 486 patients shortly after stroke
and explored associations with risk of recurrent stroke and
recurrent vascular events over a follow-up period of 5 years.
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Methods

Study design and baseline assessments

Participants were drawn from the DEMDAS study (DZNE
(German Center for Neurodegenerative Diseases) —
Mechanisms of Dementia After Stroke), a multicenter, pro-
spective cohort study conducted at six tertiary stroke centers
in Germany. Details on the study’s design, rationale, and
baseline characteristics have been detailed elsewhere. >3

In brief, DEMDAS recruited 600 patients aged 18 years
or older who had experienced an acute stroke — defined as
new focal neurological deficits lasting >24h with imaging
confirmation of either an acute ischemic infarct (via diffu-
sion-weighted MRI lesion or new CT lesion) or an intracer-
ebral hemorrhage — provided symptom onset occurred
within the 5 days prior to admission, and who had no prior
diagnosis of dementia. Exclusion criteria included severe
comorbidities such as malignancies or end-stage renal
disease, as well as the inability to provide consent. The
recruitment period ran from May 2011 to January 2019.
Participants underwent in-person follow-up assessments at
6-, 12-, 36-, and 60-months post-enrollment. This study
adheres to the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines.?!

Participants underwent detailed interviews using stand-
ardized questionnaires to collect sociodemographic details,
current smoking and drinking status, medical, and family
history. Medication data (antihypertensive, antiplatelet,
anticoagulant agents, and statins) were recorded from hos-
pital discharge documentation. Clinical assessments
included body weight and height (body mass index (BMI)
was calculated as weight in kilograms divided by the square
of height in meters), and blood pressure measured as the
average of two seated readings taken after Smin of rest.
Stroke severity was assessed using the NIH Stroke Scale
(NIHSS), and ischemic stroke subtypes were classified
according to the Trial of ORG 10172 in Acute Stroke
Treatment (TOAST) criteria.’> LDL cholesterol and CRP
were extracted from hospital records and analyzed in mg/
dL. CRP values were In-transformed prior to analysis.
These baseline definitions are consistent with previous
DEMDAS publications.?-30-33:34

Standard protocol approvals and patient consent

The study was conducted in accordance with the Declaration
of Helsinki and received ethical approval from institutional
review boards of the participating sites. Primary ethics
approval for the multicenter study was granted by the Ethics
Committee of the Medical Faculty at LMU Munich (201-
13) and additional approvals were obtained from the Ethics
Committee of the Medical Faculty at the University of
Bonn (116/13), the Ethics Committee of the University
Medical Center Gottingen (21/1/12), the Ethics Committee

of the Technical University of Munich (93/14 S), and the
Ethics Committee of Otto von Guericke University at the
Medical Faculty and University Hospital Magdeburg
(66/13). The Berlin study site (Charité — Universitdtsmedizin
Berlin) was covered by the ethics approval of the Medical
Faculty of LMU Munich, according to Section 15 of the
Berlin Medical Association Professional Code of Conduct
(September 2009). Written informed consent was obtained
from all participants or their legal representatives.

Blood sample collection and processing

Blood samples for the current analysis were collected at
baseline (within 5days of stroke onset). The collection
included one 9 mL Serum-Monovette for serum, three 9mL
EDTA-Monovettes (one specifically designated for plasma
and two for DNA isolation), and one 2.5mL Qiagen
PAXGene tube for RNA-stabilized whole blood. Samples
were processed immediately at each site and subsequently
stored in a centralized biobank at the Institute for Stroke
and Dementia Research (ISD) in Munich. Samples were
centrifuged at 2000g for 10min at 15°C, aliquoted into
300 uL aliquots, and stored at —80°C. To minimize pre-
analytical variability, rigorous quality control measures
were implemented, including adherence to standard operat-
ing procedures and regular audits that have been previously
described.?® The specimens were double-pseudonymized
and recorded using a protected data integration system to
maintain confidentiality and traceability.

Cytokine quantification and quality control

The Luminex® Procartaplex Multiplex Assay was used to
quantify the levels of 22 cytokines in plasma baseline sam-
ples. The quantified cytokines included IP-10/CXCL10,
MCP-1/CCL2, MIF, MIP-10/CCL3, MIP-1p/CCL4, TNF-
a, CD40L, CD62E/E-selectin, CD62P/P-selectin, CCL11,
CSF-2, IFN-a, IFN-y, IL-la, IL-1B, IL-6, IL-4, IL-8/
CXCLS, IL-10, IL-12p70, IL-13, and IL-17A. This panel
was selected on the basis of previous evidence linking these
cytokines to atherosclerosis and arterial inflammation.?%3
Plasma samples were thawed, mixed thoroughly, and pre-
pared for analysis according to the manufacturer’s protocol.
The Capture Bead Mix was vortexed for 30 s before adding
50 uL to each well of a 96-well plate. A Hand-Held Magnetic
Plate Washer ensured complete beads washing. Standards
were prepared using a four-fold serial dilution to generate a
standard curve for accurate quantification. Initial tests
determined that the optimal dilution factor for the plasma
samples was 1:4, balancing sensitivity with the assay’s
dynamic range. Plasma samples (25 uL) were added to the
wells containing the Capture Bead Mix and incubated on a
shaker at 600rpm for 2h at room temperature. The plate
was analyzed using the Luminex 200 machine, and the
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results were processed using xXPONENT v. 3.1 software
(Luminex Corporation). The doublet discrimination (DD)
gate was set at 7500-25,000, with a sample volume of
50uL, and at least 50 events/bead were recorded. A final
reading volume of 120 uL/well was achieved by calibrating
the device to detect at least 50 beads/analyte/sample. The
concentration of the analytes was calculated using
ProcartaPlex Analysis App software (Invitrogen) with a
five-parameter logistic (SPL) fitting model. Data were log-
transformed and standardized by batch to minimize
between-batch variability, achieved by subtracting batch-
specific means and dividing by batch-specific SD of In-
transformed cytokine values. Intra-assay and inter-assay
coefficients of variation were monitored to ensure data reli-
ability. Out-of-range (OOR) measurements below the
detection limit, accounting for 3.9% of the data, were
assigned half the lowest detectable concentration for each
cytokine. Measurements exceeding 5 SD above or below
the mean were excluded as potential technical errors.

Outcome assessment and follow-up

Follow-up assessments were conducted at 6, 12, 36, and up
to 60months and included clinical evaluations, imaging,
and medical record reviews by study physicians. The pri-
mary outcome of the study was recurrent stroke or transient
ischemic attack (TIA). Recurrent stroke was defined as the
acute onset of new neurological symptoms consistent with
stroke and confirmed by imaging (MRI or CT) as a new
infarct or hemorrhage distinct from the initial event. TIA
was defined as the acute onset of neurological symptoms
that resolved within 24h without imaging evidence of a
new infarction. Outcome events were initially reported by
participants or their informants during structured follow-up
assessments. All reported events were subsequently veri-
fied by study physicians through thorough inspection of
medical records, imaging studies, and available clinical
documentation. For participants who missed scheduled
follow-ups, a standardized contact protocol was imple-
mented, including phone calls, mailed questionnaires, and
registry office checks, to determine recurrence status.?
The secondary composite outcome included recurrent vas-
cular events, defined as the occurrence of any of the follow-
ing after the initial stroke: myocardial infarction, angina
pectoris, hospitalization due to acute or decompensated
heart failure, TIA, recurrent stroke, or all-cause mortality.
All outcomes were confirmed by a thorough inspection of
the participants” medical records, review of imaging stud-
ies, and clinical assessments during the in-person follow-up
interviews by the study physicians. Deaths from any cause
were recorded throughout the follow-up period, with the
cause determined through medical record reviews and,
when necessary, by contacting family members or caregiv-
ers, or accessing records from local registration offices.

Statistical analyses

All statistical analyses were performed using R (version
4.3.3). The following R packages were utilized: survival
package (version 3.7-0) for survival analysis, survminer
package (version 0.4.9) for creating Kaplan—Meier curves,
survcomp package (version 1.52.0) for C-index calculation,
survIDINRI package (version 1.1-2) to compute category
free net reclassification index (cfNRI) and integrated dis-
crimination improvement (IDI) and ggplot2 (version 3.5.1)
for data visualization. Baseline characteristics for continu-
ous variables were expressed as medians with interquartile
ranges (IQR) and for categorical variables as counts and
percentages. For group comparisons, the Mann—Whitney U
or the Kruskal-Wallis tests were used for continuous vari-
ables, and the 2 or Fisher’s exact tests were used for cate-
gorical variables.

We assessed potential determinants of cytokine levels
using univariable linear regression models, with In-trans-
formed levels of each cytokine as the dependent variable.
Each cytokine was analyzed separately against each predic-
tor variable to evaluate individual associations. predictor
variables included demographic (age, sex, BMI), clinical
(LDL cholesterol, hypertension, diabetes, history of atrial
fibrillation or stroke, current smoking, and drinking), tech-
nical (year of recruitment, time from symptom onset to
blood collection), and disease-specific factors (NIHSS
score, infarct volume). p values from all cytokine—predictor
tests were adjusted for multiple comparisons with the
Benjamini—-Hochberg false-discovery-rate (FDR) correc-
tion; associations with FDR-adjusted p <0.05 were consid-
ered significant.

Cox proportional hazards regression models were
employed to evaluate associations between cytokine levels
and time-to-event outcomes, including primary outcomes
of recurrent stroke/TIA and recurrent vascular events over a
S-year follow-up period. Ln-transformed cytokine levels
were analyzed as both continuous (per SD increment) and
categorical variables (split in quartiles). The associations
between cytokine levels with the study outcomes were ana-
lyzed in two multivariable models adjusting for different
sets of risk factors: (1) demographic factors (age, sex) and
(2) demographic factors and baseline vascular factors
(hypertension, diabetes, current smoking, history of atrial
fibrillation, anticoagulants, antihypertensive medications,
antiplatelet agents, statins, and LDL cholesterol).

To address the missing values in LDL cholesterol under
the assumption of missing at random, we employed multi-
ple imputation by chained equations (MICE) with predic-
tive mean matching (PMM; five imputations, ten iterations)
using the mice package (version 3.16.0) in R.3” The imputa-
tion model incorporated age, sex, hypertension, diabetes,
current smoking, history of stroke, statin medication use,
and BMI to predict LDL cholesterol values. All Cox regres-
sion models were executed separately within each imputed



Zhang et al.

600 participants were recruited for the DEMDAS study
cohort.

Excluded
incomplete follow-up (did not complete at least
| 3 out of 5 follow-up visits ) n=_80

A

Randomly excluded due to assay capacity
limitations n=29

491 participants underwent cytokine measurements.

Excluded
Cytokine measurements identified as statistical

Y

486 participants with valid cytokine measurements
were included in final analysis.

"| outliers (below 5 standard deviations from the
mean) n=5

Figure |. Flowchart of the participants inclusion and exclusion criteria.

dataset. Subsequently, regression coefficients and standard
errors were pooled according to Rubin’s Rules®® to derive
combined adjusted hazard ratios (aHR), 95% confidence
intervals (CI), and corresponding p values for each adjust-
ment model. FDR correction was applied to control for
multiple comparisons in these analyses.

Sensitivity analyses were conducted to examine the
robustness of the findings. Specifically, analyses were
repeated after excluding patients with hemorrhagic stroke
(n=12) from the initial study cohort, as well as after exclud-
ing TIA cases from the main outcomes. To explore whether
cytokine—recurrence associations differed by ischemic
stroke mechanism, we fitted Cox models separately within
each TOAST ischemic subtype for the two cytokines show-
ing significant associations with recurrence. For each sub-
type we required =5 recurrent events; subtypes with fewer
events were omitted due to unstable estimates. We tested
for heterogeneity in associations across subtypes using
likelihood ratio tests. To assess whether carotid anatomy
influenced our findings, we performed a post-hoc sensitiv-
ity analysis by deriving a dichotomous significant carotid
stenosis variable — defined as =70% narrowing or occlu-
sion in at least one internal carotid artery on Doppler/ultra-
sound — and repeating the fully adjusted Cox models for
recurrent stroke/TIA and composite vascular events,
restricting to participants with available stenosis data.
Kaplan—Meier curves were generated to visualize time-to-
events across different cytokine quartiles, and differences
between groups were compared using the log-rank test.

Model discrimination was assessed by calculating
Harrell’s C-index across all imputed datasets. For each out-
come, C-indices were pooled according to Rubin’s rules®
to account for both within-imputation and between-imputa-
tion variance. Incremental discriminative value of inflam-
matory biomarkers was evaluated by calculating AC-index
between nested models, with statistical significance deter-
mined using the cindex.comp function. Models were
constructed hierarchically, beginning with basic clinical

variables (age and sex), followed by addition of either
CD62E, MIF, or both biomarkers simultaneously, with fur-
ther adjustment for established vascular risk factors and
C-reactive protein. Both ¢fNRI and IDI were calculated
using the exact same hierarchical, nested model sequence
as for the C-index, evaluated at 5years with 95%CIs and
two-sided p values.

Results

Study flowchart and baseline characteristics

DEMDAS recruited 600 participants. Due to limited rea-
gent availability, plasma levels of 22 cytokines could only
be quantified in a subset of the total study cohort. To ensure
sufficient longitudinal data for robust analysis, we prior-
itized participants who completed at least three assessments
during the 5-year follow-up (n=520). From this group, we
randomly selected 491 participants for cytokine measure-
ments, minimizing potential selection bias. Five partici-
pants were excluded because more than 80% of their
cytokine measurements were classified as outliers, defined
as values lower than 5 SD below the mean. As a result, 486
participants were included in the final analysis (Figure 1).
Their baseline characteristics are summarized in Table 1.
The baseline characteristics of included participants did not
differ significantly from those of participants who were not
included in the analysis (Supplementary Table S1). The
included participants had a median age of 68years (IQR,
60—76years) and 33.7% were female. Supplementary Table
S2 provides an overview of the 22 cytokines measured in
this study, including their full names, abbreviations, and
biological functions.

Determinants of baseline cytokine levels

The distributions of In-transformed, standardized values for
the 22 quantified cytokines are illustrated in Supplementary
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Table |. Baseline characteristics of participants in the
DEMDAS study included in the current analysis.

Baseline characteristic

Overall (N=486)

Age at recruitment (years), median
(Ql,Q3)
Female sex, n (%)
BMI (kg/m?), median (QI, Q3)
LDL cholesterol (mg/dL), median
(Ql,Q3)
C-reactive protein (mg/dL), median
(Ql,Q3)

Missing
NIHSS score at baseline, median
(Ql,Q3)
Diabetes, n (%)
Hypertension, n (%)
Atrial fibrillation, n (%)
Previous stroke, n (%)
Current smoking, n (%)
Current drinking, n (%)

68.0 (60.0, 76.0)

164 (33.7%)
26.5(24.3, 29.1)
124.0 (101.0, 151.6)

03 (0.1, 0.6)

135
2(1, 5)

91 (19%)
370 (76%)
94 (19%)
49 (10%)
123 (25%)
363 (75%)

Stroke classification

Ischemic stroke (TOAST subtypes), 474 (97.5%)

n (%)
Large artery atherosclerosis 133 (27%)
Cardioembolism 105 (22%)
Small artery occlusion 57 (12%)
Other etiology 25 (5.1%)
Undefined etiology 154 (32%)
Hemorrhagic stroke 12 (2.5%)

Stroke lesion volume (mm?), median 2344 (512, 13,048)

(Q1,Q3)

Missing 18
Normalized stroke lesion volume 0.2 (0.0, 0.8)
(%), median (QI, Q3)

Missing 22

BMI: body mass index; LDL: low-density lipoprotein; NIHSS: National
Institutes of Health Stroke Scale; TOAST: Trial of Org 10172 in Acute
Stroke Treatment; IQR: interquartile range.

Figure S1. Most cytokines showed similar patterns of vari-
ation, except for CD62E and MIF, which did not closely
align with the patterns of other cytokines (Figure 2(a) and
Supplementary Table S3). The median time between stroke
onset and blood draw was 3.03 days (IQR 1.98—4.41 days)
and more than 85% of the samples were fasting samples
collected in the morning. Univariable linear regression
analyses showed that most demographic, clinical, and tech-
nical factors had no significant associations with cytokine
levels (Figure 2(b) and Supplementary Table S4). Most
importantly, technical factors, including time from symp-
tom onset to blood draw, as well as the year of patient
recruitment (a proxy of the time that the sample remained
frozen before cytokine quantification) were not associated
with plasma levels of any of the cytokines (Figure 2(b)).
Among vascular risk factors, we found a positive correla-
tion between CD62E levels and BMI (Spearman’s p=0.25,

p<<0.001), as well as higher CD62E levels in patients with
diabetes (Figure 2(b)—(d)). There were no significant differ-
ences in the levels of any of the 22 cytokines between male
and female study participants (Figure 2(e) and
Supplementary Table S5).

Associations between cytokine levels and
recurrent events

During the 5-year follow-up period, 59 (12.1%) participants
experienced a recurrent stroke or TIA, and 118 (24.3%) par-
ticipants experienced a composite of recurrent vascular
events, including stroke, TIA, acute coronary syndrome,
acute or decompensated heart failure, or death. Figure 3 illus-
trates the aHR for the associations between the levels of the
22 cytokines (per SD increment in In-transformed values)
and recurrent stroke or TIA (Figure 3(a) and Supplementary
Table S6) as well as recurrent vascular events (Figure 3(b)
and Supplementary Table S7), derived from Cox regression
analyses adjusted for age, sex, and vascular risk factors.
Plasma levels of CD62E and MIF were associated with a
higher risk of recurrent stroke or TIA over the 5-year follow-
up period (FDR-adjusted p=0.01) (Figure 3(a) and
Supplementary Table S6). These associations remained sig-
nificant when adjusting for age and sex (aHR for CD62E:
1.642 (95%CI 1.244-2.168); aHR for MIF: 1.586 (95%CI
1.203-2.091)) and also when additionally adjusting for vas-
cular risk factors (hypertension, diabetes, current smoking,
history of atrial fibrillation, anticoagulants, antihypertensive
medications, antiplatelet agents, statins, and low-density
lipoprotein levels; aHR for CD62E: 1.632 (95%CI 1.216—
2.190); aHR for MIF: 1.557 (95%CI1 1.177-2.059)). Although
the associations between CD62E and MIF and recurrent vas-
cular events also met the nominal threshold of p <0.05, they
were not significant after FDR correction (Figure 3(b) and
Supplementary Table S7). Sensitivity analyses, excluding
patients with hemorrhagic stroke (n=12) at baseline
(Supplementary Figure S2 and Supplementary Tables S8 and
S9) and excluding TIA from the outcomes of interest
(Supplementary Figure S3 and Supplementary Tables S10
and S11) yielded similar with consistent effects for both
CD62E and MIF. Moreover, in a post-hoc sensitivity analysis
adding high-grade carotid stenosis (=70%) to the fully
adjusted models, the associations of CD62E and MIF with
outcomes remained robust (Supplementary Table S12).
Stratifying by TOAST ischemic subtype, we observed sig-
nificant heterogeneity for MIF across subtypes (p=0.046)
and borderline significant heterogeneity for CD62E
(»=0.059). Both cytokines showed significant associations
with recurrence only in the undetermined subgroup (N=154;
events=21): MIF (aHR: 2.29, 95%CI 1.51-3.45; FDR-
adjusted p=0.001) and CD62E (aHR: 2.24, 95%CI 1.38—
3.63; FDR-adjusted p=0.005; Supplementary Table S13).
When analyzing by quartiles of the baseline CD62E and
MIF distributions, dose dependent increases in the risk of
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Figure 2. Correlations across cytokine levels and the effects of demographic, clinical, and technical factors on cytokine levels. (a)
Heatmap illustrating the Spearman correlations across the plasma levels of 22 cytokines in the DEMDAS cohort (N=486). The
color scale ranges from blue (negative correlation) to red (positive correlation). Significance is indicated by *p < 0.05, **p < 0.01,
and ***p < 0.001, representing FDR — corrected p values for multiple comparisons. (b) Heatmap illustrating the effect estimates

of demographic, clinical, and technical factors on In-transformed standardized cytokine levels, as derived from univariable linear
regression analyses. Red and blue colors represent positive and negative estimates, respectively. Significance is indicated by

*p < 0.05, ¥p < 0.01, and ***p < 0.001 (all FDR-adjusted). (c) Violin plot illustrating the difference in plasma CD62E levels between
patients with and without diabetes mellitus. The box represents the IQR (25th—75th percentiles), with the line inside the box
representing the median. (d) Scatter plot illustrating the positive correlation between plasma CD62E levels and BMI. (e) Box plot
illustrating comparisons in the sex-specific distribution of cytokine levels across the DEMDAS cohort. Each box represents IQR,
covering the 25th—75th percentiles of the data, with the line inside the box indicating the median value. The whiskers extend to the

most extreme data points within 1.5 times the IQR.

BMI: body mass index; FDR: false discovery rate; LDL: low density lipoprotein; NIHSS: National Institutes of Health Stroke Scale; IQR: interquartile

range; FDR: false discovery rate.

recurrent stroke or TIA were observed for both proteins
(Figure 4). Compared with the first quartile (Q1), patients
in the highest quartiles of CD62E and MIF distributions
(Q4) were at statistically significantly higher risk of recur-
rent stroke or TIA over the 5-year follow-up period (aHR
for CD62E Q4 vs Q1: 2.906 (95%CI 1.370-6.162); aHR
for MIF Q4 vs Q1: 2.357 (95%CI 1.102-5.043)). These
effects remained robust after adjusting for age, sex, and
vascular risk factors, as well as when excluding TIA from
the definition of the outcome (Supplementary Figure S4).
For CD62E, similar albeit weaker associations were noted
for the composite endpoint of recurrent vascular events
(Supplementary Figure S5).

Predictive performance of CD62E and MIF for
recurrent events

As a final step, we assessed whether adding baseline
CD62E and MIF levels to models including baseline demo-
graphic and vascular risk factors, as well as CRP levels,
could improve the prediction of recurrent stroke or TIA
(Table 2). The addition of baseline CD62E and MIF levels

not only improved the C-index of Cox regression models
for 5-year risk of recurrent stroke or TIA on top of age and
sex (AC-index=0.050, p=0.046), age, sex, and vascular
risk factors (AC-index=0.038, p=0.041), as well as age,
sex, vascular risk factors, and baseline CRP levels (AC-
index=0.044, p=0.012), but also yielded positive reclassi-
fication and discrimination gains. In continuous NRI
analyses, cfNRI was 0.195 (95%C10.015-0.323; p=0.032),
0.169 (95%CI —0.004 to 0.322; p=0.056), and 0.213
(95%CI 0.013-0.400; p=0.038) for those same three com-
parisons, while IDI was 0.044 (95%CI 0.011-0.123;
p<<0.001), 0.043 (95%CI 0.011-0.124; p=0.004), and
0.074 (95%CI1 0.018-0.172; p=0.002), respectively (Table
2). Similar improvements were observed when analyzing
S-year risk of recurrent stroke, excluding TIA cases
(Supplementary Table S14).

Discussion

In this multicenter prospective cohort study of 486 acute
stroke patients, we aimed to comprehensively evaluate the
predictive value of a panel of 22 cytokines for risk of
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Figure 3. Associations of cytokine levels with recurrent stroke or TIA and recurrent vascular events (stroke, TIA, acute coronary
syndrome, new onset of heart failure, or death) over the 5-year follow-up period. Forest plots of adjusted HR for the associations
of circulating baseline cytokine levels (per SD increment in In-transformed values) with (a) recurrent stroke or TIA (n=59) and

(b) the composite endpoint of recurrent vascular events (n= | I8) over the 5-year follow-up period. The HR in the first model
(red) are adjusted for age and sex, while those in the second model (yellow) are further adjusted for vascular risk factors, including
hypertension, diabetes, current smoking, history of atrial fibrillation, anticoagulants, antihypertensive medications, antiplatelet
agents, statins, and low-density lipoprotein levels. Vertical error bars indicate the 95%CI for each adjusted HR. Significance is
indicated by *FDR adjusted p < 0.05, representing FDR-corrected p values for multiple comparisons.

TIA: transient ischemic attack; HR: hazard ratio; Cl: confidence interval; FDR: false discovery rate.

vascular recurrence. We found that higher baseline levels of
CD62E and MIF were associated with an increased risk of
recurrent stroke or TIA over a 5-year follow-up period.
These associations were robust to adjustments for baseline
demographic and vascular risk factors, including in a post-
hoc sensitivity analysis adding significant carotid stenosis
(=70%), and followed dose-response patterns. Adding
baseline CD62E and MIF levels on top of age, sex, vascular
risk factors, and baseline CRP levels led to significant
improvements in risk discrimination for recurrent stroke or
TIA (AC-index: 0.030-0.050) and achieved positive reclas-
sification and discrimination gains (¢cfNRI up to 0.213; IDI
up to 0.074).

Our findings may have important implications for risk
stratification in stroke patients, particularly in selecting
candidates for anti-inflammatory treatments. In line with
the CANTOS trial,'” the ongoing ZEUS trial, > which tests
an anti-IL-6 antibody in a broad population with atheroscle-
rosis (including atherosclerotic stroke), uses a CRP thresh-
old of >2mg/dL to select patients. Similarly, the CASPER
trial, which tests colchicine in ischemic stroke patients,
restricts enrollment to those with CRP levels >2mg/dL.*
While a meta-analysis supports an association between
CRP levels and stroke recurrence,* CRP is not specific for
arterial inflammation, and transient increases in the acute
phase after stroke could limit its utility for risk stratification

at that critical time window.*® Here, we provide evidence
that two other inflammatory mediators, CD62E and MIF,
may offer improved prediction of recurrent stroke beyond
traditional risk factors and CRP levels. In our study, the
point estimates for the associations between CD62E and
MIF and recurrent stroke risk (CD62E: HR for Q4 vs Ql:
2.906; MIF: HR for Q4 vs Q1: 2.357) appeared larger than
those reported for CRP in largest meta-analysis to date by
McCabe et al. (HR for Q4 vs Q1: 1.40 when adjusting for
age and sex), though such cross-study comparisons must be
interpreted cautiously.>* Furthermore, these CRP associa-
tions became barely significant following adjustments for
vascular risk factors (HR: 1.05, p=0.058), whereas CD62E
and MIF maintained significant associations with recurrent
stroke risk in our study. In our cohort, CRP showed no sig-
nificant association (HR/In-unit: 1.14, 95%CI: 0.90-1.44,
p=0.28), limited by substantial missing data (29%). While
CD62E and MIF levels are known to be elevated in certain
infections, such as infective endocarditis and brucello-
sis,"=* their associations with recurrent stroke in our study
remained significant after adjusting for CRP, suggesting
their predictive value may extend beyond infection-related
inflammation. Notably, IL-6 did not show significant asso-
ciations with recurrent stroke/TIA in our analysis adjusted
for age, sex and vascular risk factors (aHR/SD increment:
0.97, 95%CI: 0.72-1.31; p=0.75), contrasting with the
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Figure 4. Dose—response associations of baseline CD62E and MIF levels with 5-year risk of recurrent stroke or TIA. (a)
Kaplan—Meier 5-year recurrent stroke- or TIA-free survival curves for DEMDAS participants across quartiles (Q-Q4) of baseline
circulating CD62E levels. (b) Forest plot of adjusted HR for recurrent stroke or TIA across quartiles of baseline circulating CD62E
levels. (c) Kaplan—Meier 5-year recurrent stroke- or TIA-free survival curves for DEMDAS participants across quartiles (Q[-Q4)
of baseline circulating MIF levels. (d) Forest plot of adjusted HR for recurrent stroke or TIA across quartiles of baseline circulating
MIF levels. In panels (b) and (d), the HR in the first model (red) are adjusted for age and sex, while the HR in the second model
(yellow) are further adjusted for vascular risk factors, including hypertension, diabetes, current smoking, history of atrial fibrillation,
anticoagulants, antihypertensive medications, antiplatelet agents, statins, and low-density lipoprotein levels. Horizontal lines
represent the 95%Cl for each HR. Statistical significance is indicated by *p < 0.05, **» < 0.01.

TIA: transient ischemic attack; HR: hazard ratio; Cl: confidence interval.

McCabe meta-analysis which found IL-6 to be a significant
predictor of stroke recurrence (HR Q4 vs Q1: 1.33, 95%CI:
1.08-1.65). This may reflect differences in study popula-
tion and statistical power. While CD62E and MIF might be
more specific for vascular inflammation compared to tradi-
tional acute-phase reactants, they can still be elevated as a
result of infections or systemic inflammatory conditions,
particularly in the acute phase of stroke. Whether these bio-
markers could complement established markers in selecting
patients for anti-inflammatory treatments requires further
investigation in external cohorts and in post hoc analysis of
randomized trial data. It is noteworthy, however, that
despite the significant association of the highest quartile

(Q4) of MIF with recurrent stroke/TIA in adjusted Cox
models, the Kaplan—-Meier analysis did not demonstrate
statistically significant differences among MIF quartiles
(log-rank p=0.177). This discrepancy likely reflects lim-
ited statistical power, emphasizing the need for validation
in larger cohorts to clarify the clinical utility of MIF meas-
urement. Subtype-stratified analyses revealed significant
heterogeneity in MIF associations across stroke mecha-
nisms (p=0.046), with significant associations observed
only in the cryptogenic/undetermined subgroup. However,
these exploratory findings are based on a small number of
patients and events within each subtype, making them
difficult to interpret and requiring validation in larger,
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mechanism-focused cohorts specifically designed to inves-
tigate cytokine associations within stroke subtypes.

Both CD62E and MIF have been extensively linked to
the pathophysiology of vascular disease. CD62E, an adhe-
sion molecule also known as E-selectin, mediates leukocyte
adhesion to the endothelium, a critical step in the recruit-
ment of immune cells to the subendothelial space and the
initiation of arterial inflammation.** As inflammation pro-
gresses, CD62E undergoes increased shedding, making it
detectable in plasma and reflecting its upregulation. This
shedding process, mediated by metalloproteinases such as
ADAM17, has been shown to regulate adhesion molecule
function and contribute to inflammatory signaling path-
ways. ¥ Mouse studies have shown that targeting
E-selectin reduces atherosclerotic lesions and improves
heart function.**>° In acute coronary syndrome, elevated
CDG62E levels reflect endothelial activation, promoting leu-
kocyte adhesion — a hallmark of inflammation and vascular
dysfunction.’®3! While studies directly linking CD62E to
stroke recurrence are limited, it has been identified as a pre-
dictor of poor 3-month outcomes in stroke patients, includ-
ing functional impairment.*> Experimental models further
demonstrate that blocking E-selectin improves cerebral
blood flow and reduces infarct size, highlighting its thera-
peutic potential.>> Additionally, Mendelian Randomization
analyses have associated genetically proxied CD62E with
adverse post-stroke outcomes, reinforcing its role in cere-
brovascular disease.** Similarly, MIF — a pro-inflammatory
cytokine and atypical chemokine,® drives the atherogenic
recruitment of monocytes, neutrophils, T cells, and plate-
lets to atherosclerotic plaques and has been implicated in
plaque instability and rupture.’®> Targeting MIF has been
shown to reduce atherosclerosis in experimental mouse
models.”%9-63 A study of 469 stroke patients with a shorter
follow-up (12months) also found significant associations
between baseline MIF levels and risk of recurrent stroke.*
In another study of stroke survivors, elevated MIF levels in
the acute phase after stroke were linked to poorer stroke
outcomes.

Our study has several limitations. First, cytokine levels
were measured only once in the acute phase (median 3 days
post-stroke). This limits our ability to assess intra-patient
variability or temporal dynamics, which have been raised
as concerns for traditional markers such as CRP and IL-6.
While CD62E and MIF may offer greater specificity for
vascular inflammation, they remain susceptible to elevation
from systemic infections or inflammatory conditions.
Moreover, we did not systematically exclude patients with
such conditions. Dedicated studies with serial cytokine
measurements and careful control of inflammatory con-
founders are needed to clarify the added value of these bio-
markers. Second, the relatively modest sample size of
the DEMDAS cohort (N=600), as predetermined by the
original study protocol,* limited the statistical power to
detect more subtle associations, particularly in stratified or

subtype-specific analyses. In addition, a 15% attrition rate
over the 5-year follow-up may have led to underestimation
of recurrence rates and introduced attrition bias. This was
an exploratory analysis outside the original DEMDAS pro-
tocol, which focused on risk factors of post-stroke demen-
tia. The demanding follow-up — requiring serial MRI and
neuropsychological testing — limited participation and
retention, a common challenge in longitudinal neuroimag-
ing studies.>* Importantly, baseline demographic and clin-
ical characteristics of patients who completed the study
versus those lost to follow-up were broadly similar, mitigat-
ing some concerns about attrition bias. Third, the intensity
of the study protocol also influenced the initial recruitment
process, resulting in preferential enrollment of patients with
milder strokes who were more likely to adhere with repeated
imaging and cognitive assessments.?®33 This overrepresen-
tation of less severely affected individuals likely contrib-
uted to relatively lower observed recurrence rates (~12%)
which further reduced statistical power and may have
obscured additional cytokine associations despite FDR cor-
rection. Consequently, all cytokine associations identified
here should be considered exploratory and require valida-
tion in larger, more representative cohorts. Although this
might limit the generalizability of our findings to a broader
stroke population, these patients may represent a group that
could benefit from more aggressive secondary prevention
including anti-inflammatory therapies. Fourth, CRP levels
were missing in a substantial proportion of our study popu-
lation (29%), further limiting statistical power when com-
paring CD62E and MIF levels with CRP. Fifth, because of
limited data on the exact causes of death, our definition of
recurrent vascular events included all-cause mortality
rather than only vascular death, deviating from the standard
definition of major adverse cardiovascular events.%’
However, since cardiovascular disease is the most common
cause of death among stroke survivors®® and since there
were only 46 deaths over the 5-year follow-up period, we
do not expect this to have introduced substantial misclassi-
fication bias. Sixth, although all outcome events were veri-
fied through medical record review and imaging by
physicians, initial reporting relied on patient or informant
accounts during structured follow-up interviews. Therefore,
the possibility of misclassification due to recall or reporting
bias cannot be entirely excluded.

In conclusion, our study demonstrates that elevated
plasma levels of CD62E and MIF shortly after acute stroke
are associated with a higher 5-year risk of recurrent stroke
or TIA, offering improved predictive value on top of tradi-
tional risk factors and CRP levels. However, these findings
are preliminary and need to be confirmed through larger
studies to establish their clinical relevance. If validated in
future studies, assessing these cytokines may complement
existing approaches to risk stratification for stroke patients
and inform patient selection for randomized trials of anti-
inflammatory agents.
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