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Objectives: The cause of ischemic stroke remains unknown, cryptogenic, in 25% of 
young and middle-aged patients. We hypothesized that if atherosclerosis is prominent 
in cryptogenic stroke, it would have a similar proinflammatory protein signature as 
large artery atherosclerosis (LAA) stroke.
Materials & Methods: Blood was collected in the acute phase and after 3 months from 
cryptogenic (n = 162) and LAA (n = 73) stroke patients aged 18–69 years and once from 
age-matched controls (n = 235). Cryptogenic stroke was divided into Framingham Risk 
Score (FRS) quartiles to compare low and high risk of atherosclerosis. Plasma concen-
trations of 25 proteins were analyzed using a Luminex multiplex assay. The discrimi-
nating properties were assessed with discriminant analysis and C-statistics.
Results: We identified proteins that separated cryptogenic and LAA stroke from con-
trols (area under the curves, AUCs ≥ 0.85). For both subtypes, RANTES, IL-4, and 
IFN-γ contributed the most at both time points. These associations were independent 
of risk factors of atherosclerosis. We also identified proteins that separated crypto-
genic strokes in the lowest quartile of FRS from those in the highest, and from LAA 
stroke (AUCs ≥ 0.76), and here eotaxin and MCP-1 contributed the most.
Conclusions: The protein signature separating cases from controls was different from 
the signature separating cryptogenic stroke with low risk of atherosclerosis from 
those with high risk and from LAA stroke. This suggests that increased RANTES, IL-4, 
and IFN-γ in stroke may not be primarily related to atherosclerosis, whereas increased 
eotaxin and MCP-1 in cryptogenic stroke may be markers of occult atherosclerosis as 
the underlying cause.
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1  |  INTRODUC TION

In young and middle-aged ischemic stroke patients, the underlying 
etiology cannot be identified in as many as 25% of the cases, despite 
extensive clinical work-up.1–3 In this group, comprising the so-called 
cryptogenic strokes, atherosclerosis currently thought to be unre-
lated to the stroke4 has been suggested to be one possible etiology, 
although the group is likely to be heterogenous.4 Inflammation has 
been implicated in all major etiologic subtypes of ischemic stroke.5 
The association seems to be strongest in large artery atherosclerosis 
stroke (LAA), which is plausible since atherosclerosis is believed to 
be driven by inflammation.6 However, after taking risk factors for 
atherosclerosis into account, the associations with proinflammatory 
biomarkers such as C-reactive protein are weakened in all major sub-
types.5 This can indicate that atherosclerosis is important not only in 
LAA stroke but also in several other subtypes.

We hypothesized that if atherosclerosis is a prominent feature of 
cryptogenic stroke, then patients with cryptogenic stroke would dis-
play a similar proinflammatory plasma protein signature as patients 
with LAA stroke. To investigate this hypothesis, we examined profiles 
of proteins associated with inflammation in cryptogenic stroke, in LAA 
stroke, and in healthy controls. We also stratified the cryptogenic 
group according to the number of risk factors for atherosclerosis in 
order to investigate whether cryptogenic stroke cases with multiple 
risk factors of atherosclerosis have a protein signature more resem-
bling that of LAA stroke than that of cryptogenic stroke with few risk 
factors of atherosclerosis.

2  |  MATERIAL S AND METHODS

2.1  |  Study population

The study sample comprised participants from the Sahlgrenska 
Academy Study on Ischemic Stroke (SAHLSIS), the design of which 
has been reported previously.1 Briefly, patients aged 18–69 years 
(n = 600) who presented with ischemic stroke were recruited con-
secutively at four stroke units in western Sweden. Patients were 
examined in the acute phase and at a follow-up visit after three 
months. They were classified into etiologic subtypes by TOAST 
criteria with minor modifications as described in the Supporting 
Information available online. In the present study, all patients clas-
sified as cryptogenic (n = 162) or large artery atherosclerosis (LAA) 
stroke (n = 73) were included along with their matched controls 
(n = 235). Cryptogenic stroke was defined as cases in whom no cause 
was identified despite full clinical investigation. Maximum stroke 
severity within the first 7 days after the stroke was scored using 

the Scandinavian Stroke Scale (SSS). Like the National Institutes of 
Health Stroke Scale (NIHSS), SSS quantifies the impairment caused 
by a stroke, but differs in the direction of measurement. Additional 
details and definitions of risk factors of atherosclerosis can be found 
in the Supporting Information available online.

As described in the Supporting Information, all cases in the 
present study underwent Doppler ultrasonography, transcranial 
Doppler ultrasonography, and/or magnetic resonance or computed 
tomography angiography of the brain arteries. As these investiga-
tions were performed within clinical routine, we only have informa-
tion on the presence and absence of stenosis >50% (North American 
Symptomatic Carotid Endarterectomy Trial, NASCET). In order to de-
fine one group with low risk and one with high risk of atherosclerosis 
within the cryptogenic group, we used the Framingham Risk Score 
(FRS).7 This score was originally developed to predict the 10-year risk 
of coronary heart disease (CHD) in patients without overt CHD, but 
has later been shown to be associated with atherosclerotic burden in 
middle-aged adults,8 and to correlate well with direct measures of ca-
rotid artery atherosclerosis.9 Cryptogenic stroke cases were divided 
into four quartiles of FRS. Cases with FRS in the lower quartile (Q1) 
were considered as having a low risk, and those in the upper quartile 
(Q4) a high risk of atherosclerosis.

Controls were selected from the community as previously de-
scribed.1 They were examined once, and excluded if they reported a 
history of stroke, CHD, peripheral artery disease, rheumatic, other 
autoimmune or proinflammatory disorder, or if they had signs of isch-
emic heart disease on resting ECG. Included controls were individ-
ually matched to cases for age (±1 year), sex, and geographic area of 
residence.

Informed consent was obtained from all participants prior to en-
rollment. For participants who were unable to communicate, con-
sent was obtained from their next-of-kin. The study was approved 
by the Ethics Committee of the University of Gothenburg and con-
forms with the World Medical Association Declaration of Helsinki.

2.2  |  Blood sampling and plasma protein 
measurements

For patients, blood was collected in the acute phase within 10 days 
of the index stroke (median 5 days, IQR 3–6 days), and at the 
three-month follow-up (median 100 days, IQR 94–110 days). For 
the controls, blood sampling was performed once. On all occa-
sions, venous blood was collected between 08.30 and 10.30 AM 
after overnight fasting. In controls and in patients at three-month 
follow-up, blood was not collected if the participant had signs of 
infection. Blood was drawn in tubes containing 10% by volume 
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ethylenediaminetetraacetic acid (EDTA). Plasma was isolated within 
two hours by centrifugation at 2000 g at 4°C for 20 min, aliquoted, 
and stored at −80°C.

Plasma concentrations of 25 cytokines and chemokines were 
measured with the Human Antibody Bead 25-plex kit for the Luminex 
platform (Life Technologies Corporation, Carlsbad, California, USA) 
according to the manufacturer's instructions. The analytes are listed 
in the Supporting Information. All analyses were performed by a 
board-certified laboratory technician who was blinded to the clin-
ical information. Samples from the same case participant and their 
matched control were grouped on the same plate. To accommodate 
for inter-plate variation, the individual protein levels were divided by 
the protein median of the current plate and multiplied by the protein 
median of all plates. Values below the range of the standard curve 
were accepted if they were above 75% of the lowest concentration 
in the standard curve; otherwise, they were assigned a value corre-
sponding to 75% of the lowest concentration in the standard curve. 
Missing values per analyte was ≤3.0% for controls, ≤5.5% for patients 
in the acute phase and ≤12.8% for patients at follow-up. Additional 
details can be found in the Supporting Information available online.

2.3  |  Statistical analyses

Differences in clinical characteristics between paired cases and 
controls for continuous variables and for proportions were as-
sessed with Wilcoxon's signed rank tests and McNemar's tests, 
respectively. Differences in proportions of plasma protein con-
centrations above the lowest concentration in the standard curve 
between paired cases and controls were assessed with McNemar's 
tests. For analytes with >75% of samples within the range of the 
standard curve, medians and confidence intervals were calculated 
and tests of differences were performed with Wilcoxon's signed 
rank test.

To compare plasma protein signatures between different 
groups, orthogonal projections to latent structures-discriminant 
analysis (OPLS-DA)10 was used. The data distribution for several 
proteins was highly positively skewed. Data were therefore loga-
rithmically transformed and standardized, before OPLS-DA. Only 
analytes with more than 75% of samples having values within 
the range of the standard curve were included. The discriminat-
ing power of the OPLS-DA models and of individual proteins was 
evaluated by plotting receiver operating characteristics (ROC) 
curves and calculating the areas under the curves (AUC). Bootstrap 
methods were used for significance testing and for construction 
of confidence intervals. For the discriminating abilities, AUCs in 
the ranges 0.9–1 were considered as excellent, 0.8–0.9 as good, 
0.7–0.8 as fair, 0.6–0.7 as poor, and 0.5–0.6 as failed. To identify 
the strongest class-discriminating proteins, variable importance on 
projection (VIP) values from the OPLS-DA models was used.11 For 
predictive models, cutoff values for VIP around 0.7–0.8 have been 
shown to work well for discrimination between important and un-
important predictors.12

The proteins that contributed the most to the discrimination be-
tween patients and controls in the OPLS-DA were subject to addi-
tional analyses with single variable conditional logistic regression, 
and multivariable ordinary logistic regression. The multivariable 
models included age, sex, smoking, hypertension, diabetes mellitus, 
low-density lipoprotein, and waist-hip-ratio as covariates. To further 
investigate the influence of atherosclerosis, the protein signatures of 
cryptogenic stroke patients with low versus high risk of atheroscle-
rosis as defined above (i.e., Q1 vs Q4 FRS) were compared with each 
other and with LAA stroke patients using OPLS-DA.

OPLS-DA was performed in the statistical software package 
SIMCA, version 13.0 (Umetrics AB, Umeå, Sweden). All other sta-
tistics were performed in R (version 3.0.0), the R Foundation for 
Statistical Computing, with the package pROC (version 1.7.1). Two-
tailed tests were used throughout.

LAA stroke Cryptogenic stroke

Cases (n = 73)
Controls 
(n = 73) Cases (n = 162)

Controls 
(n = 162)

Age, mean (SD) 59 (8) 59 (8) 53 (12) 53 (12)

Male sex, no. (%) 54 (74) 54 (74) 95 (59) 95 (59)

Current smoking, no. (%) 39 (53)*** 16 (22) 60 (37)** 36 (22)

Hypertension, no. (%) 44 (60)*** 23 (32) 87 (54)*** 52 (32)

Diabetes mellitus, no. (%) 25 (34)*** 5 (7) 23 (14)* 10 (6)

Hyperlipidemia, no. (%) 53 (73) 57 (78) 107 (66)* 95 (59)

WHR ×100, mean (SD) 96 (6) 94 (8) 94 (7)*** 91 (7)

SSS, median (IQR) 52 (33–57) N/A 54 (45–57) N/A

Notes: Asterisks indicate significant differences between paired cases and controls as calculated 
with Wilcoxon signed rank test for continuous variables, and with McNemar's test for proportions.
Abbreviations: LAA, large artery atherosclerosis; SSS, Scandinavian stroke scale (maximum score is 
58, indicating full function); WHR, waist-hip ratio.
*p < 0.05; **p < 0.01; ***p < 0.001. 

TA B L E  1  Baseline characteristics for 
the study groups
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3  |  RESULTS

Characteristics for the study groups are summarized in Table 1. 
Compared with controls, cases were more likely to smoke and have 
hypertension and diabetes mellitus. In addition, for cryptogenic 
stroke, cases were more likely to have hyperlipidemia and a higher 
waist-hip ratio than controls.

For most plasma proteins, both the proportion of samples above 
the lowest concentration in the standard curve and the median 
plasma concentration were higher in both cryptogenic and LAA 
stroke, than in matched controls, at both time points (Tables S1 and 
S2 in the Supporting Information). For 16 of the 25 proteins, the 
concentrations were above the lowest concentration in the standard 
curve in more than 75% of samples. These proteins were subject to 
further statistical analyses.

As a first step, we analyzed differences in protein signatures 
using OPLS-DA followed by ROC-analysis. For differences be-
tween cases and controls in the acute phase, the analyses showed 
good separation, in both LAA and in cryptogenic stroke, with 
AUCs of 0.87 (95% CI: 0.81–0.94) and 0.89 (95% CI: 0.85–0.92) 
respectively, Figure 1. Also, at follow-up, the separation between 
cases and controls, in both LAA and cryptogenic stroke was good 
with AUCs of 0.85 (95% CI: 0.78–0.92) and 0.87 (95% CI: 0.82–
0.91) respectively, Figure 2. The protein signatures were similar 
for both subtypes and at both time points. VIP plots revealed that 
the proteins with the largest contributions to the separation were 
as follows: RANTES, IL-4, and IFN-γ, followed by MIP-1α, and IL-
17. As can be seen in Figures 1 and 2, the OPLS-DA models were 
not superior to the strongest contributing proteins individually, in 
separating the groups in either of the subtypes, and at either of 

F I G U R E  1  ROC curves showing the separation between patients in the acute phase and controls for LAA and cryptogenic stroke. The 
different ROC curves are for the OPLS-DA models and for the three individual plasma proteins contributing the most to the separation as 
indicated by the VIP plots. No significant differences were found between the AUCs of the OPLS-DA models and the individual proteins 
in the ROC diagrams. Error bars in the VIP diagrams represent 95% confidence intervals. AUC, area under the curve; LAA, large artery 
atherosclerosis; OPLS-DA, orthogonal projections to latent structures-discriminant analysis; ROC, receiver operating characteristic; VIP, 
Variable importance for the projection
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the time points. Analyses showed poor separation of acute phase 
and at follow-up samples, both in LAA (AUC 0.67, 95% CI: 0.57–
0.76) and in cryptogenic stroke (AUC 0.60, 95% CI: 0.54–0.67), 
see Figure S1 in the Supporting Information. Also, for differences 
between protein signatures in cryptogenic and LAA stroke, anal-
yses showed poor separation both in the acute phase and at fol-
low-up, with AUCs of 0.66 (95% CI: 0.59–0.73) and 0.65 (95% CI: 
0.57–0.73) respectively, see Figure S2 in the online Supporting 
Information.

We next compared concentrations of the individual proteins 
in the acute phase with those at follow-up. For all patients, signif-
icant differences were found for IFN-γ, IL-4, IL-6, IL-1RA, IP-10, 
MIP-1α, and RANTES. However, only IL-1RA (p = 0.005) remained 
significantly higher in the acute phase compared to follow-up after 
Bonferroni correction. We also investigated the influence of stroke 

severity assessed by the SSS, as a crude proxy of infarct size, on the 
individual protein concentrations. Here, the only significant associ-
ation was with IL-6, which increased with level of impairment, and 
only before Bonferroni correction.

To account for possible confounders, the three proteins con-
tributing the most to the separation between patients and controls 
(RANTES, IL-4, and IFN-γ) were analyzed with logistic regression. 
The odds ratios for ischemic stroke were 2.3–3.6 with each two-
fold increase in concentration of the individual protein at both time 
points (Table 2). These associations were retained when including 
risk factors of atherosclerosis in the models (Table 2). The study was 
not designed to investigate the influence of antiplatelet drugs and 
statins on cytokine levels. However, to gain insight into this, patients 
on antiplatelet medication (N = 189) were compared with patients on 
anticoagulant medication (N = 25), and patients with statins (N = 91) 

F I G U R E  2  ROC curves showing the separation between patients at 3-month follow-up and controls for LAA and cryptogenic stroke. 
The different ROC curves are for the OPLS-DA models and for the three individual plasma proteins contributing the most to the separation 
as indicated by the VIP plots. No significant differences were found between the AUCs of the OPLS-DA models and the individual proteins 
in the ROC diagrams. Error bars in the VIP diagrams represent 95% confidence intervals. AUC, area under the curve; LAA, large artery 
atherosclerosis; OPLS-DA, orthogonal projections to latent structures-discriminant analysis; ROC, receiver operating characteristic; VIP, 
Variable importance for the projection
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were compared with those without (N = 144). Comparing the anti-
platelet and anticoagulation treatment groups, no significant differ-
ences were found. For the statin vs non-statin treatment analyses, 
the only significant difference was for IL-6 (p = 0.042) and only be-
fore Bonferroni correction.

As a final step, the cryptogenic stroke cases with low and high risk 
of atherosclerosis (ie, FRS Q1 vs Q4) were compared with each other 
and with LAA stroke. The median FRS for cryptogenic stroke at fol-
low-up was 10% (IQR 4–17%), as compared with 22% (IQR 15–31%) 
in LAA. OPLS-DA followed by ROC-analyses at follow-up showed 
poor separation between cryptogenic stroke with FRS in the higher 
quartile and LAA stroke, with an AUC of 0.67 (95% CI: 0.55–0.79). In 
contrast, the separation between cryptogenic stroke with FRS in the 
lower quartile and LAA stroke was good with an AUC of 0.84 (95% 
CI: 0.76–0.93), the separation between cryptogenic stroke with FRS 
in the lower and higher quartile was fair with an AUC of 0.76 (95% 
CI: 0.67–0.84), and in both cases eotaxin and MCP-1 contributed the 
most to this separation (Figure 3).The median concentration (95% CI) 
in pg/ml for eotaxin in cryptogenic stroke with FRS in the lower and 
higher quartile, and in LAA stroke were 51.9 (44.6–59.0), 82.2 (67.7–
97.1), and 82.8 (74.3–94.2) respectively. The corresponding values 
for MCP-1 were 239 (201–296), 315 (277–358), and 308 (284–338), 
respectively.

4  |  DISCUSSION

In this explorative study of circulating proinflammatory protein sig-
natures in cryptogenic and LAA stroke, we found that the signatures 
of the two etiologic subtypes resembled each other, both in the acute 
phase and after three months. In both subtypes, the plasma proteins 

provided good separation from controls, at both time points. The 
plasma proteins that contributed the most to this separation were 
RANTES, IL-4, and IFN-γ. We also found that in cryptogenic stroke 
with low risk of atherosclerosis defined by FRS, the proteins pro-
vided good separation from LAA stroke, and fair separation from 
cryptogenic stroke with high risk of atherosclerosis. Here, eotaxin 
and MCP-1 contributed the most to the separation. For cryptogenic 
stroke with high risk of atherosclerosis on the other hand, the sepa-
ration from LAA stroke was poor.

The fact that the protein signatures for cryptogenic and LAA 
stroke at the two time points resembled each other to such a high 
degree was somewhat surprising. We had expected that the levels 
in the acute phase would be elevated compared to those after three 
months reflecting a response to the acute ischemic lesion superim-
posed on the pre-stroke levels. The question then arises, whether 
the elevation at 3 months post-stroke was a lasting effect of the 
ischemic lesion per se, or was present already before the ischemic 
stroke, or is a combination of both. There are limited data on time 
series of circulating cytokines and chemokines after ischemic stroke, 
especially beyond the first few weeks.13 Some data point toward 
the elevation being an effect of the ischemic event. There are, for 
instance, reports on a substantial T-cell response after stroke.14,15 
Such a response for RANTES was found in one case-control study 
on ischemic stroke from the Fukuoka Stroke Registry, where lev-
els of RANTES increased from day 0 to day 14 after the ischemic 
event.16 Similarly, a small South Korean case-control study reported 
that IL-4 levels were elevated in the acute phase after ischemic 
stroke.17 Other data point toward the elevation being present prior 
to the ischemic event. In the large prospective PRIME study, it was 
found that elevated concentrations of RANTES predicted incident 
ischemic stroke.18 Further, although the Fukuoka study showed that 

Rantes IFN-γ IL−4

Univariate

Acute

LAA 2.27 (1.59–3.23)*** 2.69 (1.71–4.24)*** 3.02 (1.79–5.09)***

Cryptogenic 2.96 (2.08–4.22)*** 2.34 (1.76–3.09)*** 3.08 (2.07–4.58)***

Follow-up

LAA 2.67 (1.69–4.07)*** 2.57 (1.62–4.07)*** 3.57 (1.87–6.81)***

Cryptogenic 3.05 (2.11–4.41)*** 2.27 (1.73–2.99)*** 3.14 (2.11–4.66)***

Acute

LAA 2.63 (1.87–3.98)*** 2.60 (1.84–3.97)*** 3.44 (2.18–6.12)***

Cryptogenic 3.61 (2.71–5.03)*** 2.87 (2.24–3.83)*** 3.59 (2.62–5.14)***

Follow-up

LAA 2.37 (1.72–3.49)*** 2.48 (1.77–3.76)*** 3.01 (1.99–5.01)***

Cryptogenic 3.13 (2.39–4.27)*** 2.38 (1.91–3.05)*** 3.22 (2.39–4.54)***

Notes: The multivariable models included age, sex, smoking, hypertension, diabetes mellitus, low-
density lipoprotein cholesterol, and waist-hip ratio at baseline as covariates. Asterisks indicate 
significant differences between cases and controls.
Abbreviation: LAA, large artery atherosclerosis.
***p < 0.001. 

TA B L E  2  Odds ratios and 95% 
confidence intervals for ischemic stroke 
per each two-fold increase in plasma 
protein concentration
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RANTES was increased in the acute phase, the concentration had 
declined substantially by day 90, but remained elevated in patients 
compared with controls.16 Also, the South Korean study mentioned 
above reported that IFN-γ was not elevated in the acute phase of 
ischemic stroke,17 whereas some studies of cardiovascular disease 
have found increased levels of IFN-γ.19,20 We found no significant 
associations between RANTES, IFN-γ, and IL-4 levels and stroke se-
verity in our study. The only plasma protein that was significantly 
associated with stroke severity was IL-6, but only before Bonferroni 
correction. However, there are studies indicating that IL-6 is in fact 
associated with infarct size.21–23 In line with this, previous studies 
have found an association between CRP, which is induced by IL-6,24 
and infarct size.5,21 From our results, and in light of the aforemen-
tioned studies, we suggest that the elevated levels of RANTES, IFN-
γ, and IL-4 at 3 months post-stroke mainly reflect pre-stroke levels, 
although we recognize that they may also be affected by the isch-
emic lesion per se.

We next compared the cryptogenic stroke group with FRS in 
the lower quartile with the cryptogenic stroke group with FRS in 
the higher quartile (i.e., cryptogenic stroke with low versus high risk 

of atherosclerosis) and found a protein signature separating these 
groups. This signature also differentiated cryptogenic stroke group 
with FRS in the lower quartile from LAA stroke. Here, eotaxin (also 
known as eosinophil chemotactic protein, encoded by the CCL11 
gene) and MCP-1 (also known as chemokine C-C motif ligand 2, 
CCL2) contributed the most to the separations. Both eotaxin and 
MCP-1 were elevated in LAA stroke and cryptogenic stroke with 
FRS in the higher quartile compared to cryptogenic stroke with FRS 
in the lower quartile, and they have previously been implicated in 
atherosclerosis. Eotaxin is overexpressed in carotid artery athero-
sclerotic plaques,25 has been suggested to associate with carotid 
intima-media thickness,26 and a variant within the CCL11 gene has 
been reported to associate with the development of restenosis after 
percutaneous coronary interventions.27 In the PRIME study, sys-
temic levels of eotaxin were independently associated with ischemic 
stroke, but not with CHD.18 Not only eotaxin, but also MCP-1 ex-
pression is upregulated in atherosclerotic plaques.28,29 MCP-1 has 
been found in atherosclerotic coronary arteries30 and has been sug-
gested to have a non-cholesterol-mediated effect on atherogene-
sis.31 Interestingly, a recent Mendelian randomization study showed 

F I G U R E  3  ROC curves showing the separation between cryptogenic stroke with high risk of atherosclerosis, cryptogenic stroke with low 
risk of atherosclerosis, and LAA stroke, at the three-month follow-up, achieved by OPLS-DA. The VIP plots show the contribution of the 
individual plasma proteins to the OPLS-DA models. Cryptogenic stroke with low risk of atherosclerosis was defined as a Framingham risk 
score at baseline below the lower quartile, whereas high risk was defined as a Framingham risk score above the upper quartile. Error bars in 
the VIP diagrams represent 95% confidence intervals. AUC, area under the curve; LAA, large artery atherosclerosis; OPLS-DA, orthogonal 
projections to latent structures-discriminant analysis; ROC, receiver operating characteristic; VIP, Variable importance for the projection
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an association between a genetic predisposition to elevated circulat-
ing levels of MCP-1 and increased risk of ischemic stroke, in partic-
ular with LAA stroke and cardioembolic stroke, and with CHD and 
myocardial infarction.32 This study also performed a meta-analysis 
showing higher MCP-1 levels in patients with stroke compared with 
controls.32 Thus, our results in conjunction with previous findings 
support the suggestion that atherosclerosis currently thought to be 
unrelated to cryptogenic stroke may in fact be the underlying etiol-
ogy in a subgroup of cryptogenic stroke patients. This assumption 
is supported by previous findings of a high prevalence of traditional 
cardiovascular risk factors in young onset ischemic stroke.2

The proteins that separated cryptogenic stroke patients with 
low risk of atherosclerosis from those with high risk of atheroscle-
rosis and from LAA stroke were different from those separating 
stroke patients of both subtypes from controls, in which RANTES, 
IL-4, and IFN-γ had the largest influence. Further, results from our 
multivariable logistic regression analyses showed that the associa-
tions between ischemic stroke and RANTES, IL-4, and IFN-γ in both 
subtypes were independent of risk factors of atherosclerosis. These 
facts may indicate that the differences between cases and controls 
in RANTES, IL-4, and IFN-γ are not primarily due to differences in 
atherosclerotic burden. It is not clear what causes the elevated levels 
of RANTES, IL-4, and IFN-γ. Medication with antiplatelet drugs33–38 
and statins39–42 after ischemic stroke may affect concentrations of 
RANTES, IL-4, IFN-γ, and several other cytokines. However, from 
our results and from what has been described in previous studies, it 
seems unlikely that the elevated levels are explained solely by these 
treatments.

In our exploratory study, we cannot determine causal relation-
ships. Prospective studies for establishing possible causal relation-
ships and studies on the dynamics of cytokine levels after ischemic 
stroke are warranted. In this context, with elevated levels of 
RANTES, IL-4, and IFN-γ, one pathway that could be of interest for 
further investigation is the role of platelets. IFN-γ can contribute 
to platelet activation,43,44 and platelets can modulate the secretion 
of IFN-γ in monocytes.45 Activated platelets can release RANTES 
stored in α-granules.46 RANTES in turn can activate basophils47 
which can release significant amounts of IL-4.48 Whether these 
mechanisms are of relevance in ischemic stroke or not remains to 
be determined.

This study focused on comparing proinflammatory protein 
profiles in LAA stroke and cryptogenic stroke. In future studies, 
it would be of interest to examine these proteins in other main 
etiologic ischemic stroke subtypes, that is, cardioembolic (CE) 
and small artery occlusion (SAO) stroke. Interestingly, gene ex-
pression in peripheral blood has been profiled in 131 cases with 
cryptogenic stroke and compared with gene expression profiles 
in 149 ischemic stroke cases with known cause.49 The latter cases 
were used to develop prediction models to distinguish CE from 
LAA stroke and to distinguish lacunar from non-lacunar causes 
of stroke. Prediction of cryptogenic strokes was then performed 
using gene expression in conjunction with infarct location, and 
causes of cryptogenic stroke were predicted to be cardioembolic 

in 58%, arterial (LAA) in 18%, and lacunar (SAO) in 12%.49 It would 
thus be of interest to study proinflammatory plasma proteins such 
as RANTES, IL-4, and IFN-γ by a similar design in order to deter-
mine whether they separate lacunar from non-lacunar stroke and/
or whether they could predict specific etiological subtypes within 
the cryptogenic group.

Strengths in the current study are inclusion of consecutive 
and well-characterized ischemic stroke patients as well as controls 
matched for age and sex, and strictly standardized blood sam-
pling, performed both in the acute phase and after three months. 
The study also has limitations. In order to measure a panel of cy-
tokines and chemokines, we used a bead array. As these arrays are 
less sensitive than conventional enzyme-linked immunosorbent as-
says (ELISA),50 several analytes had a relatively high proportion of 
samples with undetectable concentrations, especially in controls. 
Furthermore, inter-assay coefficients of variation are relatively high 
for bead arrays. It has, however, been shown that inter-individual 
differences outweigh laboratory variation.51 We aimed to minimize 
the influence of this variation by positioning both samples from each 
patient and the sample for the matched control in adjacent wells on 
the same microtiter plate. Furthermore, samples from the different 
stroke subtypes were relatively evenly distributed across the plates. 
Despite these precautions, we recognize that validation of the main 
findings with ELISA would be valuable. However, we were limited 
by plasma volume, and this was therefore not feasible. Although 
the cryptogenic group was defined based on an extensive clinical 
work-up, we recognize that it is most likely that some cases with 
cardioembolic causes were undetected. Moreover, the cryptogenic 
stroke group was stratified in low and high risk of atherosclerosis 
based on the FRS. As the investigations of the brain arteries also 
were performed with routine clinical work-up, we did not have direct 
measures of atherosclerotic burden such as stenosis of the internal 
carotid artery that was less than 50%, other atherosclerotic lesions, 
or intima-media thickness.

In conclusion, this study found that the plasma protein profiles 
separating patients from controls were similar in cryptogenic and 
LAA stroke. In both subtypes, RANTES, IL-4, and IFN-γ contrib-
uted the most to this separation, and the associations with ischemic 
stroke were independent of risk factors of atherosclerosis. Thus, the 
concentrations of RANTES, IL-4, and IFN-γ did not give guidance re-
garding stroke subtype. However, the finding that the levels of these 
proteins were still elevated three months post-stroke implies that 
they mainly reflect pre-stroke levels and could therefore have a role 
in the pathogenesis of ischemic stroke. When instead studying dif-
ferences in protein profiles within the cryptogenic group, we found 
that the plasma proteins that contributed the most to the separation 
between cryptogenic stroke patients with low risk of atherosclerosis 
from those with high risk and from LAA stroke were eotaxin and 
MCP-1. Therefore, in patients with cryptogenic stroke, high levels of 
eotaxin and of MCP-1 may indicate atherosclerosis as an underlying 
pathology. Future studies to replicate these findings and to examine 
the roles of these proteins in atherosclerosis and in the pathogenesis 
of stroke are warranted.



    |  311HOLMEGAARD Et AL.

ACKNOWLEDG EMENTS
The authors thank Research Nurse Ingrid Eriksson for her excel-
lent work and assistance with the study participants, as well as 
Laboratory Technician Lena Olvén Andersson for performing the 
biochemical analyses on the Luminex instrument.

CONFLIC TS OF INTERE S T
HZ has served at scientific advisory boards for Denali, Roche 
Diagnostics, Wave, Samumed and CogRx, has given lectures in 
symposia sponsored by Fujirebio, Alzecure and Biogen, and is a 
co-founder of Brain Biomarker Solutions in Gothenburg AB, a GU 
Ventures-based platform company at the University of Gothenburg. 
KB has served as a consultant or at advisory boards for Abcam, 
Axon, Biogen, Lilly, MagQu, Novartis and Roche Diagnostics, and is 
a co-founder of Brain Biomarker Solutions in Gothenburg AB, which 
is a part of the GU Ventures Incubator Program. The other authors 
declare no financial or other conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Lukas Holmegaard  https://orcid.org/0000-0003-3528-0316 
Tara M. Stanne  https://orcid.org/0000-0001-9668-0407 
Henrik Zetterberg  https://orcid.org/0000-0003-3930-4354 

R E FE R E N C E S
 1. Jood K, Ladenvall C, Rosengren A, Blomstrand C, Jern C. Family 

history in ischemic stroke before 70 years of age: the Sahlgrenska 
Academy Study on Ischemic Stroke. Stroke. 2005;36(7):1383–1387.

 2. Rolfs A, Fazekas F, Grittner U, et al. Acute cerebrovascular disease 
in the young: the Stroke in Young Fabry Patients study. Stroke. 
2013;44(2):340–349.

 3. Yesilot Barlas N, Putaala J, Waje-Andreassen U, et al. Etiology of 
first-ever ischaemic stroke in European young adults: the 15 cities 
young stroke study. Eur J Neurol. 2013;20(11):1431–1439.

 4. Amarenco P. Underlying pathology of stroke of unknown cause 
(cryptogenic stroke). Cerebrovasc Dis. 2009;27(1):97–103.

 5. Ladenvall C, Jood K, Blomstrand C, Nilsson S, Jern C, Ladenvall P. 
Serum C-reactive protein concentration and genotype in relation to 
ischemic stroke subtype. Stroke. 2006;37(8):2018–2023.

 6. Hansson GK, Robertson A-KL, Söderberg-Nauclér C. Inflammation 
and atherosclerosis. Annu Rev Pathol Mech Dis. 2006;1:297–329.

 7. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H, 
Kannel WB. Prediction of coronary heart disease using risk factor 
categories. Circulation. 1998;97(18):1837–1847.

 8. Lloyd-Jones DM. Prediction of lifetime risk for cardiovascu-
lar disease by risk factor burden at 50 years of age. Circulation. 
2006;113(6):791–798.

 9. Touboul P-J, Labreuche J, Vicaut E, Amarenco P, on behalf of the 
GENIC Investigators. Carotid intima-media thickness, plaques, and 
framingham risk score as independent determinants of stroke Risk. 
Stroke. 2005;36(8):1741–1745.

 10. Bylesjö M, Rantalainen M, Cloarec O, Nicholson JK, Holmes E, 
Trygg J. OPLS discriminant analysis: combining the strengths of 
PLS-DA and SIMCA classification. J Chemom. 2006;20(8–10): 
341–351.

 11. Andreasson U, Portelius E, Pannee J, Zetterberg H, Blennow K. 
Multiplexing and multivariate analysis in neurodegeneration. 
Methods. 2012;56(4):464–470.

 12. Eriksson L, Byrne T, Johansson E, Trygg J, Vikström C. Multi- and 
megavariate data analysis basic principles and applications. Umetrics 
Academy. 1. Umeå, Sweden: Umetrics Academy; 2013:1–521.

 13. Doll DN, Barr TL, Simpkins JW. Cytokines: their role in stroke and 
potential use as biomarkers and therapeutic targets. Aging Dis. 
2014;5(5):294–306.

 14. Gill D, Veltkamp R. Dynamics of T cell responses after stroke. Curr 
Opin Pharmacol. 2016;26:26–32.

 15. Wong CHY, Jenne CN, Tam PP, et al. Prolonged Activation of 
Invariant Natural Killer T Cells and TH2-Skewed Immunity in Stroke 
Patients. Front Neurol. 2017;8:6.

 16. Tokami H, Ago T, Sugimori H, et al. RANTES has a potential to play 
a neuroprotective role in an autocrine/paracrine manner after isch-
emic stroke. Brain Res. 2013;1517:122–132.

 17. Kim HM, Shin HY, Jeong HJ, et al. Reduced IL-2 but elevated IL-4, 
IL-6, and IgE serum levels in patients with cerebral infarction during 
the acute stage. J Mol Neurosci. 2000;14(3):191–196.

 18. Canouï-Poitrine F, Luc G, Mallat Z, et al. Systemic chemokine lev-
els, coronary heart disease, and ischemic stroke events: the PRIME 
study. Neurology. 2011;77(12):1165–1173.

 19. García-Bermúdez M, López-Mejías R, González-Juanatey C, et al. 
Analysis of the interferon gamma (rs2430561, +874T/A) functional 
gene variant in relation to the presence of cardiovascular events in 
rheumatoid arthritis. PLoS One. 2012;7(10):e47166.

 20. Wang S, Xu J, Liang Q. Levels of plasma interleukin-18 and interfer-
on-gamma in patients with coronary heart disease. Zhongguo Wei 
Zhong Bing Ji Jiu Yi Xue. 2006;18(4):237–239.

 21. Smith CJ, Emsley HC, Gavin CM, et al. Peak plasma interleukin-6 
and other peripheral markers of inflammation in the first week of 
ischaemic stroke correlate with brain infarct volume, stroke sever-
ity and long-term outcome. BMC Neurol. 2004;4(1):2.

 22. Beamer NB, Coull BM, Clark WM, Hazel JS, Silberger JR. 
Interleukin-6 and interleukin-1 receptor antagonist in acute stroke. 
Ann Neurol. 1995;37(6):800–805.

 23. Marquardt L, Ruf A, Mansmann U, et al. Inflammatory response 
after acute ischemic stroke. J Neurol Sci. 2005;236(1–2):65–71.

 24. Kishimoto T. IL-6: from its discovery to clinical applications. Int 
Immunol. 2010;22(5):347–352.

 25. Haley KJ, Lilly CM, Yang J-H, et al. Overexpression of eotaxin and 
the CCR3 receptor in human atherosclerosis: using genomic tech-
nology to identify a potential novel pathway of vascular inflamma-
tion. Circulation. 2000;102(18):2185–2189.

 26. Tarantino G, Costantini S, Finelli C, et al. Carotid intima-media thick-
ness is predicted by combined eotaxin levels and severity of hepatic 
steatosis at ultrasonography in obese patients with Nonalcoholic 
Fatty Liver Disease. PLoS ONE. 2014;9(9):e105610.

 27. Monraats PS, Pires NMM, Agema WRP, et al. Genetic inflammatory 
factors predict restenosis after percutaneous coronary interven-
tions. Circulation. 2005;112(16):2417–2425.

 28. Nelken NA, Coughlin SR, Gordon D, Wilcox JN. Monocyte chemo-
attractant protein-1 in human atheromatous plaques. J Clin Invest. 
1991;88(4):1121–1127.

 29. Yla-Herttuala S, Lipton BA, Rosenfeld ME, et al. Expression of 
monocyte chemoattractant protein 1 in macrophage-rich areas of 
human and rabbit atherosclerotic lesions. Proc Natl Acad Sci USA. 
1991;88(12):5252–5256.

 30. Hernández-Aguilera A, Fibla M, Cabré N, et al. Chemokine (C-C 
motif) ligand 2 and coronary artery disease: tissue expression of 
functional and atypical receptors. Cytokine. 2020;126:154923.

 31. Boring L, Gosling J, Cleary M, Charo IF. Decreased lesion formation 
in CCR2−/− mice reveals a role for chemokines in the initiation of 
atherosclerosis. Nature. 1998;394(6696):894–897.

https://orcid.org/0000-0003-3528-0316
https://orcid.org/0000-0003-3528-0316
https://orcid.org/0000-0001-9668-0407
https://orcid.org/0000-0001-9668-0407
https://orcid.org/0000-0003-3930-4354
https://orcid.org/0000-0003-3930-4354


312  |    HOLMEGAARD Et AL.

 32. Georgakis MK, Gill D, Rannikmäe K, et al. Genetically determined 
levels of circulating cytokines and risk of stroke: role of monocyte 
chemoattractant protein-1. Circulation. 2019;139(2):256–268.

 33. Meyer A, Weithaeuser A, Steffens D, et al. Inhibition of platelet 
function with clopidogrel is associated with a reduction of inflam-
mation in patients with peripheral artery disease. Cardiovasc Revasc 
Med. 2016;17(3):169–175.

 34. Preidl RHM, Eckl S, Ramsperger-Gleixner M, et al. Clopidogrel 
reduces post-transplant obliterative bronchiolitis. Transpl Int. 
2013;26(10):1038–1048.

 35. Coppinger JA, O’Connor R, Wynne K, et al. Moderation of the plate-
let releasate response by aspirin. Blood. 2007;109(11):4786–4792.

 36. Cianferoni A, Schroeder JT, Kim J, et al. Selective inhibition of 
interleukin-4 gene expression in human T cells by aspirin. Blood. 
2001;97(6):1742–1749.

 37. Kong S-K, Soo Kim B, Gi Uhm T, et al. Aspirin induces IL-4 produc-
tion: augmented IL-4 production in aspirin-exacerbated respiratory 
disease. Exp Mol Med. 2016;48(1):e202.

 38. Raghavendran HRB, Srinivasan P, Rekha S. Immunomodulatory ac-
tivity of fucoidan against aspirin-induced gastric mucosal damage in 
rats. Int Immunopharmacol. 2011;11(2):157–163.

 39. Nabatov AA, Pollakis G, Linnemann T, Paxton WA, de Baar MP. 
Statins disrupt CCR5 and RANTES expression levels in CD4+ T lym-
phocytes in vitro and preferentially decrease infection of R5 versus 
X4 HIV-1. PLoS One. 2007;2(5):e470.

 40. Hot A, Lavocat F, Lenief V, Miossec P. Simvastatin inhibits the 
pro-inflammatory and pro-thrombotic effects of IL-17 and TNF-α 
on endothelial cells. Ann Rheum Dis. 2013;72(5):754–760.

 41. Meng X, Zhang K, Li J, et al. Statins induce the accumula-
tion of regulatory T Cells in atherosclerotic plaque. Mol Med. 
2012;18(4):598–605.

 42. Yi T, Rao DA, Tang PCY, et al. Amelioration of human allograft arte-
rial injury by atorvastatin or simvastatin correlates with reduction 
of interferon-γ production by infiltrating T cells. Transplantation. 
2008;86(5):719–727.

 43. Pancre V, Joseph M, Mazingue C, Wietzerbin J, Capron A, Auriault 
C. Induction of platelet cytotoxic functions by lymphokines: role of 
interferon-gamma. J Immunol. 1987;138(12):4490–4495.

 44. Todoroki N, Watanabe Y, Akaike T, et al. Enhancement by IL-1 beta 
and IFN-gamma of platelet activation: adhesion to leukocytes via 
GMP-140/PADGEM protein (CD62). Biochem Biophys Res Commun. 
1991;179(2):756–761.

 45. Dewi IMW, Aleva FE, Kullaya VI, et al. Platelets modulate IFN-γ 
production against Candida albicans in peripheral blood mononu-
clear cells via prostaglandins. JI. 2020;204(1):122–127.

 46. Holm T, Damås JK, Holven K, et al. CXC-chemokines in coronary 
artery disease: possible pathogenic role of interactions between 
oxidized low-density lipoprotein, platelets and peripheral blood 
mononuclear cells. J Thromb Haemost. 2003;1(2):257–262.

 47. Conti P, Pang X, Boucher W, et al. RANTES is a pro-inflammatory 
chemokine and chemoattracts basophil cells to extravascular sites. 
J Pathol. 1997;183(3):352–358.

 48. Yoshimoto T, Yasuda K, Tanaka H, et al. Basophils contribute to 
TH2-IgE responses in vivo via IL-4 production and presentation 
of peptide–MHC class II complexes to CD4+ T cells. Nat Immunol. 
2009;10(7):706–712.

 49. Jickling GC, Stamova B, Ander BP, et al. Prediction of cardioem-
bolic, arterial, and lacunar causes of cryptogenic stroke by gene 
expression and infarct location. Stroke. 2012;43(8):2036–2041.

 50. Heijmans-Antonissen C, Wesseldijk F, Munnikes RJ, et al. Multiplex 
bead array assay for detection of 25 soluble cytokines in blis-
ter fluid of patients with complex regional pain syndrome type 1. 
Mediators Inflamm. 2006;2006:1–8.

 51. Wong H-L, Pfeiffer RM, Fears TR, Vermeulen R, Ji S, Rabkin 
CS. Reproducibility and correlations of multiplex cytokine lev-
els in asymptomatic persons. Cancer Epidemiol Biomarkers Prev. 
2008;17(12):3450–3456.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Holmegaard L, Stanne TM, 
Andreasson U, et al. Proinflammatory protein signatures in 
cryptogenic and large artery atherosclerosis stroke. Acta 
Neurol Scand. 2021;143:303–312. https://doi.org/10.1111/
ane.13366

https://doi.org/10.1111/ane.13366
https://doi.org/10.1111/ane.13366

