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Abstract: Immune cells (IC) play a crucial role in murine stroke pathophysiology.
However, data are limited on the role of these cells in ischemic stroke in humans. We
therefore aimed to characterize and compare peripheral IC subsets in patients with acute
ischemic stroke/transient ischemic attack (AIS/TIA), chronic cerebrovascular disease
(CCD) and healthy volunteers (HV). We conducted a case-control study of patients with
AIS/TIA (n = 116) or CCD (n = 117), and HV (n = 104) who were enrolled at the
University Hospital Wiirzburg from 2010 to 2013. We determined the expression and
quantity of IC subsets in the three study groups and performed correlation analyses with
demographic and clinical parameters. The quantity of several IC subsets differed between
the AIS/TIA, CCD, and HV groups. Several clinical and demographic variables independently
predicted the quantity of IC subsets in patients with AIS/TIA. No significant changes in the
quantity of IC subsets occurred within the first three days after AIS/TIA. Overall, these
findings strengthen the evidence for a pathophysiologic role of IC in human ischemic
stroke and the potential use of IC-based biomarkers for the prediction of stroke risk. A
comprehensive description of IC kinetics is crucial to enable the design of targeted
treatment strategies.
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1. Introduction

Peripheral immunodepression is a common observation after acute ischemic stroke [1-3] and other
acute disorders of the central nervous system (CNS), such as cerebral hemorrhage [4] and spinal cord
injury [5]. This phenomenon was first described more than three decades ago [6]. Since then, numerous
researchers have tried to delineate the underlying mechanism and its clinical relevance. Today,
there is consent that lesions of vulnerable areas within the CNS increase sympathetic activity and
subsequently trigger rapid and extensive apoptosis in lymphatic organs via catecholamines and the
hypothalamic-pituitary-adrenal axis [7,8]. The adaptive as well as the innate immune systems are involved.

The stroke-induced immunodeficiency [8] has important clinical implications. It is well known that
the prognosis of stroke depends on medical complications [9], most of all infections, such as urinary
tract infections (up to 24% of stroke patients [10]) or pneumonia (up to 22% of patients [10]).
The latter may be due to an enhanced stroke-related aspiration risk in terms of dysphagia, but
immunodeficiency may also, in general, increase the vulnerability to post-stroke infections.

Experimental stroke studies in rodents described the pathophysiologic relevance of immune cell
subsets [11-16] in the development of acute ischemic stroke (AIS). A protective effect of the total
absence of lymphocytes [14], lymphopenia [17], or even the temporary depletion of immune cell
subsets has been demonstrated [13]. The reduction of immune cells in the cerebral microcirculation lowers
thromboinflammation during the acute phase of stroke, and consecutively results in improved cerebral
perfusion and protection from stroke [17,18]. As the number of peripheral lymphocytes or their interaction
with other cells in the cerebral microcirculation can be modulated pharmacologically [17,19,20], targeting
immune cells in the acute phase after ischemic stroke might become a future treatment option and is of
high translational relevance. Only recently, two studies analyzing fingolimod in ischemic [21] and
hemorrhagic stroke [22] were published. Fu and co-workers recently provided an overview of studies
about immune interventions in acute ischemic stroke in humans [23].

While the importance of neuroimmunologic interactions after ischemic stroke—including the role
of distinct immune cell subsets—is being increasingly recognized [24-29], many questions about the
regulation of immune cell subsets are still unanswered and have to be clarified before further translation
of novel preclinical treatment strategies into the clinic. Additionally, despite the crucial role of various
immune cells in atherosclerotic plaque pathophysiology [30], almost no study has specifically investigated
the regulation of immune cells in patients with chronic cerebrovascular disease (CCD) [31].

This case-control study has been conducted to evaluate whether: (i) peripheral immune cell subsets
differ between healthy volunteers (HV), patients with acute cerebrovascular disease (AIS/transient
ischemic attack [TIA]), and those with CCD; and (ii) to identify demographic and clinical predictors of
the numbers of distinct peripheral immune cells in patients with AIS/TIA.
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2. Results and Discussion
2.1. Descriptive Analysis of Patients with Acute Cerebrovascular Disease

Overall, the study included 116 patients with AIS/TIA. Patients had a mean age of 70 + 12 years,
53% were male and 58% of patients presented with an AIS. Baseline clinical severity, measured using
the National Institutes of Health Stroke Scale (NIHSS) and Barthel Index, was 4.8 + 6.0 and 74 + 30,
respectively. The demographic and clinical characteristics of patients presenting with an AIS or TIA
are summarized in Table 1.

Table 1. Baseline characteristics of patients with acute ischemic stroke/transient ischemic attack.

Characteristic Value (n =116)
Age, years 7012
Sex, n (%)
Male 62 (53)
Female 54 (47)
Modality, n (%)
AIS 67 (58)
TIA 49 (42)
TOAST criteria, n (%)

Cardioembolism 70 (60)

Large-artery atherosclerosis 4(3)
Small-vessel occlusion 12 (10)
Other determined or undetermined etiology 30 (26)
Thrombolysis, 7 (%) 34 (29)

Comorbidities, n (%)

Hypertension 105 (91)
Diabetes mellitus 41 (35)
Hyperlipidemia 80 (69)

Renal failure 10 (9)
Atrial fibrillation 37 (32)
Persistent foramen ovale 28 (24)

Heart failure 54)

Coronary artery disease 8(7)

Family history of stroke 11 (9)
Smoking, n (%) 18 (16)

Pretreatment

Platelet inhibitor before blood withdrawal, n (%) 87 (75)

Anticoagulation before blood withdrawal, n (%) 8(7)
Lipid-lowering drug before blood withdrawal, n (%) 36 31)

Severity of stroke

National Institutes of Health Stroke Scale at admission 48+6.0
Barthel Index at admission 74 + 30

Body mass index, kg/m? 27+5

HbA ., mmol/mol 46+ 13
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Table 1. Cont.

Characteristic Value (n =116)
Lipid profile, mmol/L
Total cholesterol 202 + 52
Low-density lipoprotein 121 £45
High-density lipoprotein 51+15
Triglycerides 157 £153
Duration between symptom onset and blood withdrawal, h 14+7

AIS, acute ischemic stroke; HbA ., glycated hemoglobin; TIA, transient ischemic attack; TOAST, Trial of
Org 10172 in Acute Stroke Treatment.

2.2. Comparison of the Number or Fraction of Distinct Immune Cells in Patients with AIS/TIA, CCD,
and HV

The numbers or fractions of immune cell subsets in patients with AIS/TIA and CCD and in HV are
shown in Figure 1 for comparison. For the primary analyses of data (without adjustment for
confounders, but also adjusted for age and sex), we found significantly higher numbers of leukocytes
and neutrophils in patients with AIS/TIA (leukocytes, 7.9 £+ 2.7/nL; neutrophils, 5.4 + 2.6/nL)
compared with patients with CCD (leukocytes, 6.8 + 1.8/nL, p < 0.001; neutrophils, 4.2 + 1.4/nL,
p < 0.001) and HV (leukocytes, 6.5 = 2.2/nL, p < 0.001; neutrophils, 3.8 = 1.9/nL, p < 0.001).
In contrast, lymphocytes were higher in HV (2.0 + 0.6/nL) compared with patients with CCD
1.8 £ 0.6/nL, p < 0.05) and those with AIS/TIA (1.6 £ 0.6/nL, p < 0.001). Also FoxP3" regulatory T
cells (Trg), a subset of lymphocytes, were decreased in patients with AIS/TIA (2.4% + 1.2%)
compared with patients with CCD (3.1% + 1.2%, p < 0.001) and HV (2.8% + 1.0%, p < 0.05). There
was no difference in the number of monocytes as well as the fraction of CD4°'CD8™ or CD8'CD4™ T
cells between the groups.
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Figure 1. Numbers or fractions of important immune cell subsets in acute ischemic stroke
(AIS)/transitory ischemic attack (TIA), chronic cerebrovascular disease (CCD), and
healthy volunteers (HV). The number of leukocytes, neutrophils, lymphocytes, monocytes,
CD4°CD8", CD8"CD4 ", and FoxP3 regulatory T cells (Tieg) are depicted in box-and-whisker
plots indicating the first and third quartiles as well as the 1.5 interquartile range (IQR, Tukey
plot). Outliers that lie outside the 1.5 IQR are represented by single dots. The numbers of
leukocytes, neutrophils, lymphocytes and FoxP3" Treg differed significantly between the three
groups, as determined by analysis of variance with Bonferroni post hoc test, *** p < 0.001,
* p<0.05.

2.3. Relationship between the Number or Fraction of Immune Cell Subsets and Key Demographic and
Clinical Parameters in Patients with Acute Cerebrovascular Disease

Results from univariate analysis of the association between the number or fraction of immune cells
subsets and key demographic and clinical characteristics are summarized in Tables 2 and 3. Leukocyte
(p < 0.001) and neutrophil numbers (p < 0.001) as well as the fraction of FoxP3" Treg (p = 0.02) were
higher in patients with AIS compared with patients with TIA. In contrast, the number of monocytes
was lower in patients with AIS than in patients with TIA (p = 0.02). Older patients showed a lower
quantity of lymphocytes (p = 0.02) and a smaller fraction of CD4"CD8" T cells (p = 0.03). Severity of
stroke at admission was associated with different immune cell subsets (NIHSS: leukocytes, p = 0.05,
neutrophils, p = 0.007, CD4"CD8 cells, p = 0.004; Barthel Index: leukocytes, p = 0.01, neutrophils,
p = 0.001). Again, leukocytes (p = 0.01) and neutrophils (»p = 0.003) were associated with
thrombolysis. Interestingly, sex and pretreatment with platelet inhibitors did not influence the number

or fraction of immune cell subsets.
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Table 2. Predictors of the absolute number or fraction of immune cells in patients with acute ischemic stroke/transient ischemic attack
(univariate analysis; leukocytes, lymphocytes, neutrophils, monocytes).

Leukocytes/nL Lymphocytes/nL Neutrophils/nL Monocytes/nL
Immune Cell Subset p Value p Value p Value p Value
(Mean + SD) (Mean + SD) (Mean + SD) (Mean = SD)
Sex
Male 79+2.7 - 1.7+0.5 - 54+25 - 0.7+0.3 -
Female 7.9+2.6 0.76 1.6+0.7 0.24 55+2.7 0.60 0.6+0.2 0.80
Age, years
<55 8.0+3.2 - 2.0+0.6 - 5.1+3.1 - 0.6+0.4 -
55-64 8.0+22 - 1.7+£0.5 - 55+1.9 - 0.6+0.2 -
65-74 7.6+22 - 1.7+0.7 - 52+1.9 - 0.7+0.3 -
75-84 75+23 - 1.5+0.5 - 53+23 - 0.6+0.2 -
>84 9.0+£4.5 0.85 1.3+0.6 0.02 6.9+4.7 0.63 0.6+0.2 0.71
Disease modality
AIS 8.6+29 - 1.7+0.6 - 62+2.8 - 0.6+£0.2 -
TIA 69+1.9 <0.001 1.6+0.6 0.36 44+1.8 <0.001 0.7+0.3 0.02
Modified TOAST criteria
Cardioembolism 8.0+29 - 1.6+ 0.6 - 56£29 - 0.6+0.2 -
Large-artery atherosclerosis 7.1£2.0 - 1.8+04 - 46=+19 - 0.6£0.1 -
Small-vessel occlusion 7.8+2.1 - 1.8+0.5 - 50+19 - 0.7+0.2 -
Other determined or undetermined etiology 7.7+£23 0.94 1.5£0.6 0.32 54422 0.91 0.6+£0.2 0.80
Duration between symptom onset and blood withdrawal, h
<5 7.7+22 - 1.6 £0.6 - 54+22 - 0.6+0.2 -
5-12 75+2.4 - 1.7+0.6 - 50+2.2 - 0.6+0.2 -
12-24 84+23 0.14 1.3+04 0.63 63+25 0.05 0.7+0.1 0.80
National Institutes of Health Stroke Scale
04 74+22 - 1.7+£0.6 - 48+20 - 0.6+0.2 -
5-9 85+28 - 1.5+04 - 62+2.6 - 0.7+0.3 -
10-15 8.8+3.1 - 1.7+£0.7 - 63+2.9 - 0.7+03 -

>15 9.6+4.1 0.05 1.2+04 0.06 7.7+44 0.007 0.6+0.1 0.88
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Table 2. Cont.
Leukocytes/nL. Lymphocytes/nL Neutrophils/nL Monocytes/nL
Immune Cell Subset p Value p Value p Value p Value
(Mean = SD) (Mean = SD) (Mean £ SD) (Mean = SD)
Barthel Index
0-30 9.7+4.4 - 1.2+0.6 - 7.7+4.7 - 0.6+0.2 -
35-70 8.5+2.7 - 1.6 +0.5 - 6.1+£2.6 - 0.7+03 -
>70 6.9+1.7 0.01 1.8+0.6 0.048 43+1.5 0.001 0.6+0.2 0.13
Thrombolysis
Yes 8.6+2.2 - 1.6 04 - 62+23 - 0.7+03 -
No 7.6+2.8 0.01 1.7+0.7 0.99 5.1+£2.7 0.003 0.6+0.2 0.38
Platelet inhibitor before blood withdrawal
Yes 8.0+£29 - 1.7+£0.6 - 56+29 - 0.6+0.2 -
No 7.6+22 0.60 1.6+ 0.6 0.42 52+2.0 0.83 0.7+0.3 0.81

AIS, acute ischemic stroke; TIA, transient ischemic stroke; TOAST, Trial of Org 10172 in Acute Stroke Treatment.

Table 3. Predictors of the absolute number or fraction of immune cells in patients with acute ischemic stroke/transient ischemic attack

(univariate analysis; (CD4"CDS8" T cells, CD8'CD4™ T cells, FoxP3 Treg).

CD4*CD8™ Cells/Gated CD8'CD4™ Cells/Gated FoxP3" Cells/Gated
Immune Cell Subset p Value p Value p Value
Cells (%) (Mean + SD) Cells (%) (Mean + SD) Cells (%) (Mean + SD)
Sex
Male 463+ 11.3 - 29.9+11.6 - 24+1.1 -
Female 47.7+11.8 0.51 25.8+9.8 0.04 24+14 0.36
Age, years
<55 50.1£9.8 - 249+9.7 - 2.8+13 -
55-64 492+11.2 - 28.5+12.2 - 23+1.2 -
65-74 50.1 £10.1 - 26.7+9.9 - 24+12 -
75-84 41.6+11.8 - 31.8+11.0 - 24+13 -
>84 42.5+12.9 0.03 249+ 11.7 0.22 22+1.1 0.81
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CD4"CD8" Cells/Gated

CD8'CD4 Cells/Gated

FoxP3* Cells/Gated

Immune Cell Subset p Value p Value p Value
Cells (%) (Mean + SD) Cells (%) (Mean + SD) Cells (%) (Mean + SD)
Disease modality
AIS 49.2+10.4 - 26.0+9.6 - 2.7+1.2 -
TIA 453+ 12.1 0.09 294+ 11.7 0.24 22+1.2 0.02
Modified TOAST criteria
Cardioembolism 46.0 + 12.1 - 293+11.0 - 24+13 -
Large-artery atherosclerosis 55.0+12.2 - 21.2+6.7 - 33+£13 -
Small-vessel occlusion 51.1+£7.2 - 24.8 +£8.7 - 27+12 -
Other determined or undetermined etiology 46.4+£11.2 0.27 27.0+12.0 0.35 21+1.0 0.23
Duration between symptom onset and blood withdrawal, h
<5 49.4+8.5 - 26.4+8.7 - 24+1.0 -
5-12 472+11.4 - 27.7+10.1 - 25+13 -
12-24 49.8+13.8 0.86 189+2.1 0.47 2.7+0.2 0.59
National Institutes of Health Stroke Scale
04 48.5+10.6 - 26.6+9.5 - 25+1.1 -
5-9 48.7+10.6 - 28.6+10.4 - 27+14 -
10-15 475+11.2 - 29.1+7.1 - 23+13 -
>15 322+11.7 0.004 35.2+20.1 0.66 14+09 0.03
Barthel Index
0-30 43.7+12.0 - 23.8+5.2 - 2.0+1.3 -
35-70 45.6+10.0 - 28.0+11.3 - 24+12 -
>70 50.3+9.3 0.16 25.7+8.4 0.58 27+13 0.37
Thrombolysis
Yes 454 +10.5 - 27.7+133 - 23+1.4 -
No 47.6+11.9 0.32 28.1+10.0 0.39 24+1.1 0.31
Platelet inhibitor before blood withdrawal
Yes 45.6+11.5 - 28.4+10.8 - 24+12 -
No 493+ 11.2 0.11 273+11.5 0.49 24+1.2 0.97

AIS, acute ischemic stroke; TIA, transient ischemic stroke; TOAST, Trial of Org 10172 in Acute Stroke Treatment.
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Multivariate analysis (adjusted for age and sex) (Tables 4-7) identified disease modality (AIS vs.
TIA) as an independent predictor of leukocyte (p = 0.006), neutrophil (p = 0.005), and monocyte count
(p = 0.04). Sex was only associated with the fraction of CD8'CD4™ T cells (p = 0.03). Age only
accounted for CD4"'CD8™ T cell regulation (p = 0.012). NIHSS scores were independent predictors of
the CD4°CD8" as well as the CD8'CD4" fractions (p = 0.02 and 0.03, respectively). We found no
independent predictor of FoxP3 Treg. In addition, none of the measured variables (leukocytes, p = 0.48;
neutrophils, p = 0.54; lymphocytes, p = 0.81; monocytes, p = 0.81; CD4°'CD8™ T cells, p = 0.65;
CD8'CD4™ T cells, p = 0.65; FoxP3 Treg, p = 0.95) were influenced by the time of blood withdrawal
(Days 0, 1, and 3; data not shown).

Table 4. Predictors of absolute numbers of leukocytes and lymphocytes in patients with
acute ischemic stroke/transient ischemic attack (multivariate analysis).

Leukocytes Lymphocytes
Coefficient 95% CI p Value  Coefficient 95% CI p Value

Immune Cell Subset

Male Reference - - Reference - -
Sex Female -0.4+09 —-1.1t0 1.0 0.93 0.0+0.1 —0.2t0 0.3 0.71
Age, years - - 0.74 - - 0.003

<55 Reference - - Reference - -

55-64 -0.5+0.9 —-22t01.3 - -03+0.2 -0.7t0 0.1 -

65-74 -0.4+0.8 —2.0to 1.3 - -0.4+0.2 —0.7 t0 0.0 -

75-84 -0.7+0.9 2410 1.0 - -0.5+0.2 —0.9 to —0.1 -

>84 0.5+1.1 -1.7t02.6 - —0.6+0.2 —1.1t0—0.2 -
Disease modality (TIA vs. AIS) 1.5+0.5 0.4102.6 0.006 -0.1+0.1 -0.3t00.2 0.66

National Institutes of Health

Stroke Scale ) ) 011 ) ) 0052

04 Reference - - Reference - -

5-9 0.8+0.8 -0.7t0 2.3 - -03+0.2 —0.6t0 0.1 -

10-15 0.8+0.9 —0.9t0 2.6 - -0.1+0.2 -0.5t00.3 -

>15 13+£1.0 —0.8t0 3.3 - -0.5+0.2 -1.0to 0.1 -
Thrombolysis 0.1+0.7 -13t0 1.4 0.94 0.1+£0.2 —0.20 to0 0.4 0.53

Use of platelet inhibitor before

0.5+0.5 —0.6to 1.6 0.34 02+0.1 —0.1t0 0.4 0.17

blood taking

AIS, acute ischemic stroke; CI, confidence interval; TIA, transient ischemic stroke.

Table 5. Predictors of absolute numbers of neutrophils and monocytes in patients with
acute ischemic stroke/transient ischemic attack (multivariate analysis).

Neutrophils Monocytes
Coefficient 95% CI p Value  Coefficient 95% CI1 p Value

Immune Cell Subset

S Male Reference - - Reference - -
ex
Female -0.0+0.5 -1.0t0 0.9 0.98 -0.0+0.1 -0.1t0 0.1 0.53
Age, years - - 0.25 - - 0.53

<55 Reference - - Reference - -
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Table 5. Cont.
Immune Cell Subset Neutrophils Monocytes
Coefficient 95% CI p Value  Coefficient 95% CI p Value
55-64 -0.1£0.8 -1.8t0 1.5 - -0.0+0.1 —0.2t00.1 -
65-74 0.1+0.8 -1.5t0 1.6 - 0.0+0.1 —0.1t0 0.2 -
75-84 -0.1£0.8 -1.7to0 1.5 - -0.0+0.1 -0.2t00.1 -
>84 1.2+1.0 —0.8t03.2 - -0.1+0.1 -0.3t00.1 -
Disease modality (TIA vs. AIS) 1.5£0.5 0.5t02.5 0.005 0.1+0.1 0.0t0 0.2 0.04
National Institutes of Health Stroke Scale - - 0.031 - - 0.72
04 Reference - - Reference - -
5-9 1.0+£0.7 -0.4t02.5 - 0.0+0.1 —0.1t0 0.2 -
10-15 1.0£0.8 —0.7 t0 2.6 - 0.0£0.1 —0.1t0 0.2 -
>15 1.8+1.0 -0.2t03.7 - 0.0+0.1 -0.2t00.2 -
Thrombolysis 0.0+0.6 -12t0 1.3 0.96 -0.0+0.1 —0.1t0 0.1 0.88
Use of platelet inhibitor before blood taking 24+1.2 0.1to04.7 0.46 -0.0+0.1 —0.1t00.1 0.58

AIS, acute ischemic stroke; CI, confidence interval; TIA, transient ischemic stroke.

Table 6. Predictors of fractions of CD4"CD8™ and CD8"CD4™ T cells in patients with acute
ischemic stroke/transient ischemic attack (multivariate analysis).

Immune Cell Subset

CD4"CD8™ Cells

CD8*CD4™ Cells

Coefficient 95% CI p Value Coefficient 95% CI p Value
Male Reference - - Reference - -
Sex Female 2.8+2.1 -1.3t06.9 0.18 —-47+2.1 —88to—0.5 0.03
Age, years - - 0.012 - - 0.63
<55 Reference - - Reference - -
55-64 -0.5+£3.6 —7.7t06.7 - 3.8+3.6 -341t011.0 -
65-74 -1.5+34 —-8.2t05.3 - 34+34 —3.41t010.2 -
75-84 —-87+£35 —-157to-1.6 - 6.9+3.6 —0.2 to 14.0 -
>84 -5.0+44 —13.7t0 3.7 - -0.6+44 —-9.3t08.2 -
Disease modality (TIA vs. AIS) —2.7+22 =7.1t0 1.7 0.22 2.5+£22 -1.9t0 6.9 0.26
National Institutes of Health Stroke Scale - - 0.02 - - 0.03
04 Reference - - Reference - -
5-9 1.5+£3.1 —4.6t07.6 - 33+3.1 -29t09.4 -
10-15 -0.0+3.8 -7.5t07.5 - 2.1+3.8 -5.51t09.7 -
>15 -129+42 -21.2t0—4.7 - 11.2+42 2.8t019.5 -
Thrombolysis -1.1+£27 —6.4t04.2 0.67 -0.3+2.7 —8.6t02.1 0.24
Use of platelet inhibitor before blood taking -1.9+22 —-63t02.4 0.39 -0.7+2.2 —5.1t03.7 0.77

AIS, acute ischemic stroke; CI, confidence interval; TIA, transient ischemic stroke.
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Table 7. Predictors of fraction of FoxP3 Trg in patients with acute ischemic
stroke/transient ischemic attack (multivariate analysis).

Immune Cell Subset FoxP3" Cells
Coefficient 95% CI p Value

Sex Male Reference - -
Female —0.0+0.2 -0.5t00.5 0.95
Age, years - - 0.57

<55 Reference - -

55-64 -03+04 -1.1t0 0.5 -

65-74 -04+04 -12t00.4 -

75-84 -03+04 -1.2t00.5 -

>84 -02+0.5 -1.2t00.8 -
Disease modality (TIA vs. AIS) -0.4+0.3 —0.9t00.2 0.16
National Institutes of Health Stroke Scale - - 0.13

04 Reference - -

5-9 03+04 —-0.41t00.1 -

10-15 -0.1+04 -0.91t00.8 -

>15 -1.0+05 —2.0to—0.1 -
Thrombolysis 0.1+£0.3 -0.5t00.7 0.80
Use of platelet inhibitor before blood taking 0.1+0.3 —0.41t0 0.6 0.69

AIS, acute ischemic stroke; CI, confidence interval; TIA, transient ischemic stroke; FoxP3 Ty, regulatory T cells.
2.4. Discussion

In this case-control study, we analyzed peripheral immune responses in different cerebrovascular
disease settings and showed that the number or fraction of distinct immune cell subsets is differentially
regulated between patients with AIS/TIA and CCD, compared with HV. Moreover, within the
AIS/TIA group, several clinical (e.g., NIHSS, Barthel index, thrombolysis or not, AIS or TIA) or
demographic (age, sex) parameters predicted the number or fraction of immune cells even after
adjustment for age and sex.

Most of our findings in patients with AIS/TIA are consistent with the results of previously published
studies regarding ischemic stroke [1,2,32—-35]. However, in contrast to other observations [24,36], we
found no change in the number of monocytes during the observation period until day 3. Of note, a low
fraction of CD4'CD8 T cells and a high percentage of CD8'CD4™ T cells were independently
associated with high clinical severity of patients with AIS/TIA at admission. This observation can be
confirmed by a study showing that subjects with a high fraction of CD8" cells often have comorbidities
that include insulin resistance and an increased risk of cardiovascular events [36]. Therefore, despite
evidence for reduced cytotoxic function of CD8" T cells in AIS [26], it can be hypothesized that
especially CD8" cells have detrimental properties in cardiovascular disease. FoxP3 Trwg were
associated with clinical severity in univariate analysis but not after adjustment for age and sex.

Very importantly, other diseases of the CNS—such as like aneurysmal subarachnoid hemorrhage [4]
or acute cerebral hemorrhage [25]—are also associated with changes in peripheral immune cell
homeostasis and distribution, showing that peripheral immune cell modulation is an unspecific
response to various acute CNS diseases [7,8]. Nevertheless, kinetics of immune cell regulation might
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be different between various CNS diseases. In contrast to our results in ischemic stroke, Shi et al. [25]
reported an increase in Treg OVer time in patients with intracerebral hemorrhage and Sarrafzadeh et al. [4]
found an increase in CD4" and CD8" T cells in a subpopulation of patients in the first days after
aneurysmal subarachnoid hemorrhage.

Despite clear evidence that inflammatory mechanisms and immune cells play an important part in
the pathophysiology of atherosclerosis—including plaque progression and instability [31,37]—to the
best of our knowledge, this report is the first description of the detailed regulation of immune cell
subsets in CCD. The numbers of leukocytes, neutrophils, and lymphocytes in patients with CCD lie
between those seen for patients with AIS/TIA and HV, pointing towards a hypothetical sequence of
disease from healthy persons to chronic cerebrovascular atherosclerotic lesions (extracranial and/or
intracranial) and finally AIS. Very interestingly, FoxP3" Treg were even higher in patients with CCD
compared with those with AIS/TIA, suggesting a pathophysiologic role of Treg in CCD. Atherosclerosis
is currently understood as a systemic disease that might also be influenced by pro- and anti-inflammatory
cytokines. A recent report suggested that the level of detrimental cytokines could be decreased by
physical exercise [38]. Further studies are needed to better understand the underlying pathophysiology.

As immune cells are not only biomarkers after ischemic stroke, but also potential therapeutic
targets [23], a detailed characterization of their regulation is absolutely necessary for elaborating the
best treatment strategy and also for improving the translation of promising preclinical agents into the
clinic. We identified several variables that independently predicted the number or fraction of various
immune cell subsets (AIS vs. TIA, age, sex, NIHSS). It seems that the number of immune cells
depends on various non-modifiable clinical and demographic variables, making it difficult to develop
universal treatment strategies.

There are several limitations to this study that should be considered. First, it should be remembered
that the potential for reverse causation as a result of blood withdrawal following a cerebrovascular
event cannot be disregarded. Accordingly, the current study describes the magnitude and significance
of associations between immune cell subsets and demographic/clinical parameters without attributing
causality. Further prospective studies are required to formally elucidate causality. Second, all patients
were required to provide informed consent before participating in the study. However, this may have
resulted in patients who have suffered a severe stroke and/or aphasia being underrepresented in this
study because neurological deficits related to their condition may have prevented them from being
capable of providing informed consent. Third, it was not possible to completely rule out a non-vascular
origin for symptoms in 42% of the TIA patient population, meaning that the possibility of the
aforementioned factors influencing the regulation of immune cell subsets remains.

3. Experimental Section
3.1. Data Collection

Patients with acute cerebrovascular disease (AIS/TIA) and CCD were included in this study, while
control subjects were HV from the local population. All study participants were required to meet the
following inclusion criteria: for patients presenting with an AIS (i.e., an acute ischemic lesion on brain
imaging) and TIA (no acute ischemic lesion on brain imaging), blood samples must have been drawn
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within 24 hours of symptom onset; in the CCD group, patients must have presented with extracranial
and/or intracranial stenosis of the large cerebral arteries with (n = 66) or without (n = 51) a history of
AIS or TIA; and for the control HV subjects, aged >50 years with no history of stroke, myocardial
infarction, or peripheral arterial disease. Patients with AIS, TIA or CCD were excluded from the
study if they presented with intracerebral hemorrhage, were aged <18 years, had a known plasmatic
coagulation disorder, or a detailed medical history indicated the presence of platelet dysfunction.

Study participants were consecutively recruited between September 2010 and January 2013 from
inpatients diagnosed with TIA or AIS in the Stroke Unit, outpatients presenting with CCD, and the HV
population who responded to recruitment advertisements in the Neurology Department, University
Hospital of Wiirzburg, Germany. The study protocol was approved by the ethics committee of the
Medical Faculty of the University of Wiirzburg, Germany (reference number 65/2010) and written
informed consent was provided by all participants. In total, 337 patients were eligible to participate in
the study, including 116 patients with AIS or TIA, 117 patients with CCD, and 104 HV. Patient treatment
and care remained at physician discretion and was not affected by participation in this study.

An adapted version of the TOAST (Trial of Org 10172 in Acute Stroke Treatment) criteria [39] was
applied to patients who presented with acute cerebrovascular disease (AIS or TIA): (1) cardioembolism;
(2) large-artery atherosclerosis; (3) small-vessel occlusion; or (4) other determined or undetermined
etiology. On patient admission, the interval between symptom onset and blood withdrawal, platelet
inhibitor pretreatment, and acute stroke therapy modality (thrombolysis vs. no thrombolysis) were
recorded, as well as NIHSS [40] and Barthel Index scores [41].

3.2. Blood Collection and Measurements

Blood samples were drawn from an antecubital vein using a 21-gauge butterfly needle between
08.00 and 12.00 h on Days 0, 1, and 3 in patients with acute cerebrovascular disease. Blood samples
were only drawn once in patients with CCD and HV. Pre-analytic preparations for blood collection
were carried out according to specific standard operating procedures and only non-hemolyzed blood
samples were analyzed. Differential hematology—including the absolute number of leukocytes,
lymphocytes, neutrophils and monocytes—has been analyzed at the Division of Laboratory Medicine
of the University Hospital Wiirzburg. Flow cytometric analysis of the fractions of CD4'CDS§,
CD8'CD4", and FoxP3" Treg was performed using peripheral blood mononuclear cells (PBMCs), with
density gradient centrifugation used to isolate PBMCs from peripheral blood. Cells were analyzed on
a BD FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany). The following primary
antibodies were used: FoxP3-APC (Cat. no.: 17-4776-42; eBiosciences, Frankfurt, Germany), CD4"
FITC (Cat. no.: 347413, BD Biosciences, Heidelberg, Germany), and CD8™ PE (Cat. no.: 555635;
BD Biosciences, Heidelberg, Germany). The respective isotype controls were purchased from
BD Biosciences. The gating strategy is illustrated in Supplementary Figure S1.

3.3. Statistical Analysis

Continuous variables are presented as mean + standard deviation or median with interquartile range,
as appropriate. Categorical variables are expressed as percentages. Analysis of variance (ANOVA) and
chi-square tests were used to investigate the association between the absolute number or fraction of
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immune cell subsets and demographic and clinical characteristics (age, sex, neurologic scales, disease
modality (TIA or AIS), TOAST criteria, duration between symptom onset and blood withdrawal,
NIHSS score, Barthel Index score, treatment modality (intravenous thrombolysis or not), and treatment
with platelet inhibitors in the days before blood withdrawal) and p values derived, as appropriate.
Coefficients and corresponding 95% confidence intervals for potential predictors of the numbers of
distinct immune cells were estimated using a linear regression model that included all variables
without collinearity in a multivariate model that was adjusted for age and sex. Immune cell subsets
were compared between the different patient groups (inpatients with AIS/TIA, outpatients with CCD,
or HV), and distributions analyzed using the Kolmogorov-Smirnov test. It was assumed that the
immune cell numbers were normally distributed and the groups were compared using ANOVA with a
Bonferroni post-hoc test. These comparisons were additionally adjusted for age and sex. All reported
p values are derived from two-sided tests, with a p value <0.05 considered to be statistically
significant. Analyses were performed using SPSS Version 21 and SAS software version 9.1 (SAS
Institute Inc., Cary, NC, USA).

4. Conclusions

Changes in peripheral immune cell numbers are a well-known signature after ischemic stroke.
At the same time, immune cell subsets play major roles in the pathophysiology of murine ischemic
stroke and might also become future targets of novel therapeutic approaches in humans. We provide
here an overview of the regulation of distinct immune cell subsets after AIS/TIA in comparison with
CCD and HV. The description of independent predictors of immune cells raises new questions, which
might be valuable for the understanding of pathophysiologic mechanisms, and could finally help to
enable focused treatment strategies.
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Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/10/25433/s1.
Acknowledgments

We thank Melanie Glaser and Andrea Sauer for excellent technical assistance.
Author Contributions

Peter Kraft recruited patients, analyzed data, conducted the study, and wrote the manuscript;
Christiane Drechsler and Michael K. Schuhmann analyzed the data; Ignaz Gunreben recruited patients;
Christoph Kleinschnitz conceived and funded the entire study and revised the manuscript.

Conflicts of Interest

The authors declare no conflict of interest. This work was supported by the Deutsche
Forschungsgemeinschaft (individual research grant to Christoph Kleinschnitz).



Int. J. Mol. Sci. 2015, 16 25447

References

10.

11.

12.

13.

14.

Haeusler, K.G.; Schmidt, W.U.; Foehring, F.; Meisel, C.; Guenther, C.; Brunecker, P.; Kunze, C.;
Helms, T.; Dirnagl, U.; Volk, H.D.; et al. Immune responses after acute ischemic stroke or
myocardial infarction. Int. J. Cardiol. 2012, 155, 372-377.

Vogelgesang, A.; Grunwald, U.; Langner, S.; Jack, R.; Broker, B.M.; Kessler, C.; Dressel, A.
Analysis of lymphocyte subsets in patients with stroke and their influence on infection after
stroke. Stroke 2008, 39, 237-241.

Urra, X.; Cervera, A.; Villamor, N.; Planas, A.M.; Chamorro, A. Harms and benefits of
lymphocyte subpopulations in patients with acute stroke. Neuroscience 2009, 158, 1174-1183.
Sarrafzadeh, A.; Schlenk, F.; Meisel, A.; Dreier, J.; Vajkoczy, P.; Meisel, C. Immunodepression
after aneurysmal subarachnoid hemorrhage. Stroke 2011, 42, 53-58.

Riegger, T.; Conrad, S.; Schluesener, H.J.; Kaps, H.P.; Badke, A.; Baron, C.; Gerstein, J.;
Dietz, K.; Abdizahdeh, M.; Schwab, J.M. Immune depression syndrome following human spinal
cord injury (SCI): A pilot study. Neuroscience 2009, 158, 1194—1199.

Czlonkowska, A.; Cyrta, B.; Korlak, J. Immunological observations on patients with acute
cerebral vascular disease. J. Neurol. Sci. 1979, 43, 455-464.

Meisel, C.; Schwab, J.M.; Prass, K.; Meisel, A.; Dirnagl, U. Central nervous system injury-induced
immune deficiency syndrome. Nat. Rev. Neurosci. 2005, 6, 775-786.

Prass, K.; Meisel, C.; Hoflich, C.; Braun, J.; Halle, E.; Wolf, T.; Ruscher, K.; Victorov, .V.;
Priller, J.; Dirnagl, U.; et al. Stroke-induced immunodeficiency promotes spontaneous bacterial
infections and is mediated by sympathetic activation reversal by poststroke T helper cell type 1-like
immunostimulation. J. Exp. Med. 2003, 198, 725-736.

Davenport, R.J.; Dennis, M.S.; Wellwood, 1.; Warlow, C.P. Complications after acute stroke.
Stroke 1996, 27, 415-420.

Langhorne, P.; Stott, D.J.; Robertson, L.; MacDonald, J.; Jones, L.; McAlpine, C.; Dick, F.;
Taylor, G.S.; Murray, G. Medical complications after stroke: A multicenter study. Stroke 2000,
31,1223-1229.

Connolly, E.S., Jr.; Winfree, C.J.; Springer, T.A.; Naka, Y.; Liao, H.; Yan, S.D.; Stern, D.M,;
Solomon, R.A.; Gutierrez-Ramos, J.C.; Pinsky, D.J. Cerebral protection in homozygous null
ICAM-1 mice after middle cerebral artery occlusion. Role of neutrophil adhesion in the
pathogenesis of stroke. J. Clin. Investig. 1996, 97, 209-216.

Kleinschnitz, C.; Schwab, N.; Kraft, P.; Hagedorn, I.; Dreykluft, A.; Schwarz, T.; Austinat, M.;
Nieswandt, B.; Wiendl, H.; Stoll, G. Early detrimental T-cell effects in experimental cerebral
ischemia are neither related to adaptive immunity nor thrombus formation. Blood 2010, 115,
3835-3842.

Kleinschnitz, C.; Kraft, P.; Dreykluft, A.; Hagedorn, I.; Go&bel, K.; Schuhmann, M.K;
Langhauser, F.; Helluy, X.; Schwarz, T.; Bittner, S.; ef al. Regulatory T cells are strong promoters
of acute ischemic stroke in mice by inducing dysfunction of the cerebral microvasculature. Blood
2013, 7121, 679-691.

Yilmaz, G.; Arumugam, T.V.; Stokes, K.Y.; Granger, D.N. Role of T lymphocytes and
interferon-y in ischemic stroke. Circulation 2006, 113, 2105-2112.



Int. J. Mol. Sci. 2015, 16 25448

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gelderblom, M.; Weymar, A.; Bernreuther, C.; Velden, J.; Arunachalam, P.; Steinbach, K.;
Orthey, E.; Arumugam, T.V.; Leypoldt, F.; Simova, O.; et al. Neutralization of the IL-17 axis
diminishes neutrophil invasion and protects from ischemic stroke. Blood 2012, 120, 3793-3802.
Chu, H.X.; Broughton, B.R.; Ah Kim, H.; Lee, S.; Drummond, G.R.; Sobey, C.G. Evidence that
Ly6C™ monocytes are protective in acute ischemic stroke by promoting M2 macrophage
polarization. Stroke 2015, 46, 1929-1937.

Kraft, P.; Gob, E.; Schuhmann, M.K.; Gébel, K.; Deppermann, C.; Thielmann, I.; Herrmann, A.M.;
Lorenz, K.; Brede, M.; Stoll, G.; et al. FTY720 ameliorates acute ischemic stroke in mice by
reducing thrombo-inflammation but not by direct neuroprotection. Stroke 2013, 44, 3202-3210.
Nieswandt, B.; Kleinschnitz, C.; Stoll, G. Ischaemic stroke: A thrombo-inflammatory disease?
J. Physiol. 2011, 589, 4115-4123.

Langhauser, F.; Kraft, P.; Gob, E.; Leinweber, J.; Schuhmann, M.K.; Lorenz, K.; Gelderblom, M.;
Bittner, S.; Meuth, S.G.; Wiendl, H.; et al. Blocking of a4 integrin does not protect from acute
ischemic stroke in mice. Stroke 2014, 45, 1799—-1806.

Kuric, E.; Ruscher, K. Reversal of stroke induced lymphocytopenia by levodopa/benserazide
treatment. J. Neuroimmunol. 2014, 269, 94-97.

Fu, Y.; Zhang, N.; Ren, L.; Yan, Y.; Sun, N.; Li, Y.J.; Han, W.; Xue, R.; Liu, Q.; Hao, J.; et al.
Impact of an immune modulator fingolimod on acute ischemic stroke. Proc. Natl. Acad. Sci. USA
2014, 711, 18315-18320.

Fu, Y.; Hao, J.; Zhang, N.; Ren, L.; Sun, N.; Li, Y.J.; Yan, Y.; Huang, D.; Yu, C.; Shi, F.D.
Fingolimod for the treatment of intracerebral hemorrhage: a 2-arm proof-of-concept study.
JAMA Neurol. 2014, 71, 1092—-1101.

Fu, Y.; Liu, Q.; Anrather, J.; Shi, F. Immune interventions in stroke. Nat. Rev. Neurol. 2015, 11,
524-535.

Urra, X.; Cervera, A.; Obach, V.; Climent, N.; Planas, A.M.; Chamorro, A. Monocytes are major
players in the prognosis and risk of infection after acute stroke. Stroke 2009, 40, 1262—1268.

Shi, L.; Qin, J.; Song, B.; Wang, Q.M.; Zhang, R.; Liu, X.; Liu, Y.; Hou, H.; Chen, X.; Ma, X_; et al.
Increased frequency of circulating regulatory T cells in patients with acute cerebral hemorrhage.
Neurosci. Lett. 2015, 591, 115-120.

Li, G.; Wang, X.; Huang, L.H.; Wang, Y.; Hao, J.J.; Ge, X.; Xu, X.Y. Cytotoxic function of CD8"
T lymphocytes isolated from patients with acute severe cerebral infarction: An assessment of
stroke-induced immunosuppression. BMC Immunol. 2013, 14, 1, doi:10.1186/1471-2172-14-1.
Theodorou, G.L.; Marousi, S.; Ellul, J.; Mougiou, A.; Theodori, E.; Mouzaki, A.; Karakantza, M.
T helper 1 (Th1)/Th2 cytokine expression shift of peripheral blood CD4" and CD8" T cells in
patients at the post-acute phase of stroke. Clin. Exp. Immunol. 2008, 152, 456—463.

Tuttolomondo, A.; Pecoraro, R.; Casuccio, A.; di Raimondo, D.; Butta, C.; Clemente, G.;
Della Corte, V.; Guggino, G.; Arnao, V.; Maida, C.; et al. Peripheral frequency of CD4'CD28~
cells in acute ischemic stroke: Relationship with stroke subtype and severity markers. Medicine
2015, 94, €81, doi:10.1097/MD.0000000000000813.



Int. J. Mol. Sci. 2015, 16 25449

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tuttolomondo, A.; Pecoraro, R.; di Raimondo, D.; di Sciacca, R.; Canino, B.; Amao, V.;
Butta, C.; Della Corte, V.; Maida, C.; Licata, G.; et al. Immune-inflammatory markers and arterial
stiffness indexes in subjects with acute ischemic stroke with and without metabolic syndrome.
Diabetol. Metab. Syndr. 2014, 6, 28, doi:10.1186/1758-5996-6-28.

Ilhan, F.; Kalkanli, S.T. Atherosclerosis and the role of immune cells. World J. Clin. Cases 2015,
3,345-352.

Sternberg, Z.; Ghanim, H.; Gillotti, K.M.; Tario, J.D., Jr.; Munschauer, F.; Curl, R.; Noor, S.;
Yu, J.; Ambrus, J.L., Sr.; Wallace, P.; et al. Flow cytometry and gene expression profiling of
immune cells of the carotid plaque and peripheral blood. Atherosclerosis 2013, 229, 338-347.
Haeusler, K.G.; Schmidt, W.U.; Fohring, F.; Meisel, C.; Helms, T.; Jungehulsing, G.J.;
Nolte, C.H.; Schmolke, K.; Wegner, B.; Meisel, A.; et al. Cellular immunodepression preceding
infectious complications after acute ischemic stroke in humans. Cerebrovasc. Dis. 2008, 25, 50-58.
Catania, A.; Lonati, C.; Sordi, A.; Gatti, S. Detrimental consequences of brain injury on peripheral
cells. Brain Behav. Immun. 2009, 23, 877-884.

Kassner, S.S.; Kollmar, R.; Bonaterra, G.A.; Hildebrandt, W.; Schwab, S.; Kinscherf, R. The early
immunological response to acute ischemic stroke: Differential gene expression in subpopulations
of mononuclear cells. Neuroscience 2009, 160, 394-401.

Hug, A.; Dalpke, A; Wieczorek, N.; Giese, T.; Lorenz, A.; Auffarth, G.; Liesz, A.; Veltkamp, R.
Infarct volume is a major determiner of post-stroke immune cell function and susceptibility to
infection. Stroke 2009, 40, 3226-3232.

Kolbus, D.; Ljungcrantz, 1.; Andersson, L.; Hedblad, B.; Fredrikson, G.N.; Bjorkbacka, H.;
Nilsson, J. Association between CD8" T-cell subsets and cardiovascular disease. J. Intern. Med.
2013, 274, 41-51.

Arai, M.; Uchiba, M.; Komura, H.; Mizuochi, Y.; Harada, N.; Okajima, K. Metformin, an antidiabetic
agent, suppresses the production of tumor necrosis factor and tissue factor by inhibiting early
growth response factor-1 expression in human monocytes in vitro. J. Pharmacol. Exp. Ther. 2010,
334,206-213.

Pinto, A.; di Raimondo, D.; Tuttolomondo, A.; Butta, C.; Milio, G.; Licata, G. Effects of physical
exercise on inflammatory markers of atherosclerosis. Curr. Pharm. Des. 2012, 18, 4326—4349.
Adams, H.P., Jr.; Bendixen, B.H.; Kappelle, L.J.; Biller, J.; Love, B.B.; Gordon, D.L.;
Marsh, E.E., 3rd. Classification of subtype of acute ischemic stroke. Definitions for use in
a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment. Stroke 1993,
24,35-41.

Muir, K.W.; Weir, C.J.; Murray, G.D.; Povey, C.; Lees, K.R. Comparison of neurological scales
and scoring systems for acute stroke prognosis. Stroke 1996, 27, 1817-1820.

Granger, C.V.; Dewis, L.S.; Peters, N.C.; Sherwood, C.C.; Barrett, J.E. Stroke rehabilitation:
Analysis of repeated Barthel index measures. Arch. Phys. Med. Rehabil. 1979, 60, 14—17.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



