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Abstract

Lymphocytes play an important role in the immune response after stroke. However, our knowledge of the circulating
lymphocytes in ischemic stroke is limited. Herein, we collected the blood samples of clinical ischemic stroke patients to
detect the change of lymphocytes from admission to 3 months after ischemic stroke by flow cytometry. A total of 87
healthy controls and 210 patients were enrolled, and the percentages of circulating T cells, CD4" T cells, CD8" T cells,
double negative T cells (DNTs), CD4" regulatory T cells (Tregs), CD8" Tregs, B cells and regulatory B cells (Bregs)
were measured. Among patients, B cells, Bregs and CD8" Tregs increased significantly, while CD4" Tregs dropped and
soon reversed after ischemic stroke. CD4" Tregs, CD8" Tregs, and DNTs also showed high correlations with the infarct
volume and neurological scores of patients. Moreover, these lymphocytes enhanced the predictive ability of long-term
prognosis of neurological scores when added to basic clinical information. The percentage of CD4" Tregs within
lymphocytes showed high correlations with both acute and long-term neurological outcomes, which exhibited a
great independent predictive ability. These findings suggest that CD4" Tregs can be a biomarker to predict stroke
outcomes and improve existing therapeutic strategies of immunoregulatory lymphocytes.
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Introduction

Ischemic stroke is a leading cause of mortality and
morbidity in adults worldwide." Novel and effective
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therapeutic strategies for stroke is urgently needed
because of the limited pharmacological treatment.” *
The development of biomarkers is also important
because biomarkers of ischemic stroke can improve
the care of patients.’

The immune response plays a critical role in the
pathophysiological process of ischemic stroke, and
inflammation is an important therapeutic target in
stroke.®’ Clinical studies suggest the inflammatory
response after stroke correlates with the risk of clinical
worsening the long-term  functional outcome.
Neutrophils are thought to be the first immune
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cell-type to enter the ischemic brain, meanwhile periph-
eral neutrophils also rise in the early stage after
stroke.®” Then lymphocytes are elevated in the ische-
mic brain and play an active role in ischemic brain
pathogenesis, modulating brain inflammation by pro-
ducing pro-inflammatory cytokines and cytotoxic post-
stroke.'® Interestingly, clinical studies also show
dynamic changes in circulating lymphocyte subpopula-
tions of stroke patients.'' Immune activation in the
peripheral blood is found after stroke, and lympho-
cytes are likely to be present in peripheral blood
before entering the brain.'? Moreover, the change of
peripheral blood lymphocyte subpopulations can
reflect the local inflammation of the central nervous
system.'® Increased lymphocyte subpopulations are
observed with an increased risk of stroke recurrence
and death.'

Lymphocytes consist of several subtypes with differ-
ent functions.'>'® T lymphocytes are found to partici-
pate in both innate and adaptive immune responses
after stroke. They have been found to infiltrate into
brain parenchyma and contribute to brain damage as
well as functional recovery due to their pro-
inflammatory and anti-inflammatory functions.'”'®
Clinical studies also suggest some stroke patients may
develop a B lymphocytes response to stroke that con-
tributes to dementia.'” Moreover, regulatory lympho-
cytes, regulatory T cells (Tregs), and B cells (Bregs)
have been characterized as protective cells after
stroke.”®?? In stroke patients, the number of Tregs
decrease soon and then increase persistently for several
weeks after stroke.'” Tregs are associated with infarct
volume and outcomes. Regulatory B cells have been
demonstrated to play an anti-inflammatory role by
secreting 1L-10, which modulates the immune response
in experimental stroke.”> Besides, double-negative
T cells (DNTSs), accounting for a small percentage of
T cells, increasing in the brain and peripheral blood of
stroke patients and promote neuroinflammation in the
animal model of ischemic stroke.*

Biomarkers are indicators found in the blood, CSF,
or tissues that predict disease states or drug response
and outcomes.”> There is an urgent need for bio-
markers to detect or predict stroke outcomes, which
can help identify patients at risk of disease, improve
clinical management, and monitor the effects of thera-
py.?® Moreover, in stroke patients, the neurological
outcome depends on multiple factors such as the dura-
tion and severity of ischemia, age and sex differences,
and admission clinical characteristics.”” > Here we
investigated the relationships among the proportions
of circulating lymphocytes, clinical information, and
stroke outcomes. Immunoregulatory lymphocytes,
especially the CD4" Tregs, exhibiting a high predictive
ability with multiple admission clinical information of

stroke patients. These data suggest specific
lymphocyte subsets can be an attractive target for
the treatment of ischemic stroke or be a new
biomarker and indicator that can predict stroke out-
comes, helping to improve existing clinical neuropro-
tective strategies.

Materials and methods

Ethics

The clinical study was approved by the ethical review
board of Minhang District Central Hospital, Shanghai,
China. (“Approval of ethics committee, document
No.28 (2017)”, Minhang District Central Hospital,
Shanghai, China. June 28, 2017. Supplementary ethics
approved document). Procedures were followed in
accordance with the ethical standards of the Helsinki
Declaration.

Subjects

210 patients with a clinical diagnosis of stroke were
included by following rules: (1) Age> 18years; (2)
Cerebral infarction or transient ischemic attack (TIA)
confirmed by head CT or MRI (excluded intracranial
hemorrhage); (3) First time of onset, or recurrence
without neurofunctional deficits; (4) NIHSS score < 20
and without aphasia; (5) Onset time < 7days; (6)
Informed consent of patients or family members.
Patients with tuberculosis, neoplasms, acute infections
after stroke, and other conditions that may affect
the immune environment were excluded. Clinical infor-
mation and characteristics included age, sex, risk fac-
tors (hypertension, diabetes, a disorder of lipid
metabolism, atrial fibrillation, Coronary artery disease,
smoking, drinking, and cerebral infarction history) of
patients were collected at admission. National Institute
of Health Stroke Scale (NIHSS) score, Modified
Rankin Score (mRS), and Glasgow Come Scale
(GCS) were measured at admission, discharge, and
3months after admission. Infarct volume was mea-
sured by MRI scanning, and tPA treatment was
considered.

Our study is double-blind and randomized. 210, 100,
49, and 66 patients at admission, discharge, 1 month,
and 3 months, respectively, were included in our
study. Control subjects were 87 healthy volunteers of
age, gender ratio comparable to the ischemic
stroke patients, and without a history of stroke
or other vascular diseases. All participants voluntarily
participated and gave written informed consent for
this study.
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Isolation of human peripheral mononuclear cells
(PBMCs)

Peripheral blood samples of patients were collected
within 24 h of admission day, discharge day, 1 month,
and 3 months after onset. Peripheral blood samples of
controls were collected when they attended the physical
examination. Peripheral blood samples were collected
through forearm veins from the patients and healthy
controls and keep in the EDTA vacutainer blood col-
lection tube after obtaining informed consent from
them or their legal representatives. After collecting
peripheral blood, PBMCs were isolated by density gra-
dient centrifugation within 3 h. The blood samples were
diluted 1:1 with PBS buffer and then layered over
Ficoll-Paque (GE Healthcare Bio-Sciences) in a 15ml
conical tube. After centrifuging at 400 g and 20°C for
30 minutes, PBMCs were collected from the plasma-
Ficoll interphase.

Flow cytometry analysis

PBMCs were quantified by trypan blue exclusion
method, then 10°107 cells were labeled with
fluorochrome-conjugated antibodies specific for FITC
Mouse Anti-Human CD3, APC-H7 Mouse Anti-
Human CD4, APC Mouse Anti-Human CD25, PE
Mouse Anti-Human CDI127, Percp-cy5.5 Mouse
Anti-Human CD19, PE Mouse Anti-Human CD24,
APC Mouse Anti-Human CD27, Percp-cy5.5 Mouse
Anti-Human CD8, PE Mouse Anti-Human
CD45RA, APC Mouse Anti-Human CD62L, PE-cy7
Mouse Anti-Human CD183, which were purchased
from BD Pharmingen. Samples were run on the
LSRFortessa (BD Biosciences) using FACSDiva soft-
ware version 8.0 and analyzed using FlowJo version
9.9.6.

Statistics

The sample size in this study was determined by power
analyses to provide 80% power to detect a difference of
expected effect sizes of 1.2 estimated from pilot studies.
In sample size calculations, we assumed an o error of
5% with Bonferroni adjustment according to the
number of pairwise comparisons.

All data were assessed by the Shapiro-Wilk normal-
ity test to test normal distribution. If the data pass the
normal distribution test, a parametric test was
employed for significance analysis. Otherwise, a non-
parametric test was employed. Patient characteristics
and experimental data are presented as means =+ stan-
dard deviations (SDs) or numbers (%) in tables,
medians, 25 and 75% quartiles in violin plots and
means + SDs in line charts. Correlations between cell
proportion and multiple characteristics were analyzed

using Spearman’s correlation analysis. The statistical
significance of differences between experimental
groups was assessed with the two-sided Mann-
Whitney U test or two-sided unpaired T test if data
satisfied normal distribution, Kruskal-Wallis test with
Dunn’s multiple comparisons test, and Two-way
ANOVA with Bonferroni’s multiple comparisons test
as appropriate.

All the above statistical analyses were performed
with GraphPad Prism software (version 8.0). Logistic
regression, multiple linear regression analyses were per-
formed with SPSS 25.0 software package (SPSS Inc.,
Chicago, Illinois). The heatmap of linear correlation
was visualized with R-3.5.2 software (https://www.r-
project.org/) using R package pheatmap.

The ROC curve and AUC were analyzed by R pack-
age rattle 5.4.0 (Togaware Pty Ltd.). The whole data
were divided into 60% as a training dataset and 40% as
a test dataset to evaluate the prediction ability. Four
classification models: Logistic regression, Support
Vector Machine (SVM), Decision Tree, and Random
Forest were applied and compared.

Results

Characteristics of patients and controls enrolled in
the study

A total of 210 acute ischemic stroke patients and 87
healthy volunteer controls were enrolled in our study,
whose characteristics were described in Supplementary
Table 1 and Table 1. No statistically significant differ-
ence was observed in either age or sex between patients
and controls (Supplementary Table 1). All patients’
neurological scores were tracked and recorded at
admission, discharge (approximately seven days after
admission) and 3 months after onset. Of 210 patients
included in this study, 113 (53.81%) patients had fairly
good functional stroke outcomes (mRS < 2), and none
of them died in 3 months.

Changes of lymphocyte subsets in acute ischemic
stroke

As failing to follow up and missing data accounted for
incomplete data, only 210, 100, 49, and 66 patients’
data at admission, discharge, 1 month and 3 months,
respectively, were adopted for further analysis, whose
specific distributions were illustrated by the Venn dia-
gram (Figure 1(b)). Different lymphocyte subsets were
analyzed, including CD197 cells (B cells), CD3" cells
(T cells), CD3" CD4" cells (CD4" T cells),
CD3"CD8" cells (CD8" T cells), CD3TCD4CD§
cells (Double Negative T cells, DNTs), and immuno-
regulatory lymphocytes: CD197CD247CD27" cells
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Table I. Baseline characteristics of patients.

Patients (n=210)

2469 + 1.37
6.238 +24.90
27 (12.86%)

Onset to admission time, days, mean + SD
Infarct volume, cm3, mean 4+ SD

tPA treatment, n (%)

Admission

NIHSS, mean +SD 3.938 +£3.520
mRS, mean £+ SD 2.086 £ 1.179
GCS, mean £SD 14.61 +1.233
systolic blood pressure, mmHg mean + SD 140.8 +19.63
diastolic blood pressure, mmHg mean+SD  81.83 +10.69
Blood LDL, mmol/l, mean + SD 2.9364+09711
Discharge
NIHSS, mean + SD 2.776 £2.647
mRS, mean £ SD 1.890 + 1.242
GCS, mean £SD 14.84 +0.6206
systolic blood pressure, mmHg mean £ SD 128 £15.02
diastolic blood pressure, mmHg mean+SD  81.03 £ 8.949
Blood LDL, mmol/l, mean + SD 2.671 +0.9622
3 months
NIHSS, mean £+ SD 1.038 +-0.3506
mRS, mean +SD 1.438 +0.5607
GCS, mean £ SD 14.95+0.2233

Risk factors
Hypertension, n (%)
Diabetes, n (%)

144 (68.57%)
70 (33.33%)

Disorder of lipid metabolism, n (%) 33 (15.71%)
Atrial fibrillation, n (%) 20 (9.52%)
Coronary artery disease, n (%) 10 (4.76%)
Smoking, n (%) 41 (19.52%)
Drinking, n (%) 24 (11.43%)

SD: standard deviation; tPA: tissue plasminogen activator; NIHSS:
National Institutes of Health Stroke Scale; mRS: modified Rankin Scale;
GCS: Glasgow Coma Scale; LDL: low density lipoprotein.

(Bregs), CD3"CD4"CD25"CD127 cells (CD4" Tregs)
and CD3"CD45RA CD8"CDI83"CD62L"  cells
(CD8™" Tregs) among all controls and ischemic stroke
patients at different time points (Figure 1(a) and
Supplementary Figure 1). Our study revealed a dramat-
ic increase in the percentage of B cells within lympho-
cytes after acute ischemic stroke (11.49+5.276%),
compared with control’s level (6.547+3.736%),
which remained steadily high to 3months (10.70 £
3.777%). While T cells kept stable at healthy control’s
level (64.27+12.82%) from admission (64.16+
11.44%) to 3months (65.60 + 11.26%) after admission
(Supplementary Figure 2).

T cells play an important role in the immune
response. Two main types of T cells, CD4" helper T
cells and CD8* cytotoxic T cells, both are considered
involved in ischemic stroke.!' CD4" T cells secrete
complex immune cytokines while CD8" T cells may
induce brain injury through the cytotoxic mechanism.
Although the percentage of T cells within lymphocytes
is not changed after stroke, the CD4" T cells were

tended to increasing (p=0.0978) at admission
(39.12+9.916%) and then fluctuated to control’s
level (37.23+9.195%), while no significant dynamic
changes were observed in CD8" T cells (control:
22.03 £8.203%) (Supplementary Figure 2).

T cells’ subsets, including DNTs, CD4" Tregs and
CD8™" Tregs, are complicated and controversial ische-
mic stroke participants®® that attracted our concerns.
DNTs are a small subpopulation of T cells regulating
immunological homeostasis.”* Though DNTs’ level
had not a significant tendency of falling after stroke
compared with control’s level (3.291+2.270%), its
ascending at 3 months (3.437 + 1.312%) was significant
(Figure 1(c) and Supplementary Figure 2). CD4" Tregs
regulate immune homeostasis by lymphocyte activation
and inhibiting antigen-presenting cells, while CD8"
Tregs also have a potentially neuroprotective function
of regulatory IL-10-producing B-cells.*® In our study,
the percentage of CD4' Tregs within lymphocytes
tended to decrease (p=0.0902) at admission (2.243 +
0.6628%) than healthy controls (2.380+0.6012%)
(Figure 1(c)), but significantly reversed to even higher
at discharge (2.485+0.8346%), recovered to healthy
control’s level at 1 month (2.300 +0.6648%) and then
rose again at  3months  (2.491+0.6314%)
(Supplementary Figure 2). On the contrary, the per-
centage of CD8" Tregs within lymphocytes increased
significantly after stroke (admission: 1.532 +0.8931%)
and stayed at a high level in the following 3 months,
compared with control’s level (0.8323+0.3736%)
(Figure 1(c) and Supplementary Figure 2). As
observed, these special immunoregulatory T cells
were more sensitive to ischemic stroke than regular T
cell subsets, suggesting tighter relationships they
embraced with the pathology of stroke.

Moreover, regulatory B cells (Bregs), a regulatory
subpopulation of B cells, is thought to be potentially
beneficial for stroke patients.”® In this study, the per-
centage of Bregs within lymphocytes dramatically
increased after stroke (admission: 2.942 4 1.750%),
compared with controls (1.910+ 1.357%), insistent
with the rise of total B cells after the stroke (Figure 1
(c), Supplementary Figure 2).

Relationships between the regulatory lymphocytes
and severity of neurofunctional deficits in the
acute stage

Infarct volume and NIHSS can indicate stroke severity
and determine the post-stroke immune change.’!
Recent studies suggest acute ischemic lesion severity,
regions, and the degree of reperfusion that might
affect the pathogenic contribution of leukocytes.>
The changes in immunoregulatory lymphocytes were
significant and impressive. Thus, to reveal the
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Figure |. Different clusters of regulating-cells in lymphocytes between control and different time points after acute ischemic stroke.
(a) Representative flow cytometry analyses of total lymphocytes, B cells, T cells, CD4" T cells, CD8" T cells, Bregs, CD4" Tregs,
CD8™" Tregs, and DNTSs. (b) Venn diagram of data at different time points. (c) Violin plots with median, 25 and 75% quartiles of the
percentage of Bregs, DNTs, CD4+ Tregs, and CD8+ Tregs within lymphocytes of Controls (grey, n =87) and different time points
after acute ischemic stroke (Admission: blue, n=210; Discharge: orange, n=100; | month: red, n =49; 3 months: purple, n = 66).
Mann-Whitney test was employed to examine the difference between Controls and each time point. Decimals represent p-value.

* p < 0.05, ¥ p < 0.001, ns: no significance.

relationships between regulatory lymphocytes and neu-
rofunctional deficits at the acute stage, the percentages
of regulatory lymphocytes within lymphocytes at
admission, discharge, 1 month, and 3 months were ana-
lyzed respectively, by using linear regression analyses
with admission infarct volume, NIHSS, and mRS
(Supplementary Table 2), which were also summarized
in heat maps (Figure 2(a)).

The percentage of CD4" Tregs within lymphocytes
at admission indicated the most significant negative
correlations with NIHSS or mRS among all these
markers (Supplementary Table 2, Spearman r=-0.21
& —0.19, p=0.002 & 0.01). While its parent subsets,
CD4" T cells or T cells, showed little correlation with
short-term neurological outcomes (Supplementary
Table 2). It suggested that a lower level of CD4™"
Tregs was an evident reflection of worse neurofunc-
tional deficits at admission.

At 1 month, the percentages of CD8" Tregs within
lymphocytes also showed a significant positive

relationship  with  mRS  score at admission
(Supplementary Table 2, Spearman r=0.31, p=0.03).
These results suggested worse severity at the acute stage
could result in a greater increase of CD8™ Tregs level,
which kept stable in 1 month after onset. Besides, the
percentage of B cells within lymphocytes at 1 month,
but not at admission, was also negatively related to
admission NIHSS score (Supplementary Table 2,
Spearman r=-0.29, p =0.04).

As for infarct volumes, the percentage of DNTs
within lymphocytes was the only element correlated
to infarct volume at admission (Supplementary Table
2, Spearman r=0.16 p=0.03). A higher level of DNTs
was observed in patients with larger infarct volumes.

To explore the existing administration of stroke
patients, it is eager for exploring a biomarker that
can predict the severity and prognosis of stroke.
Thus, to further explore the potential of regulatory
lymphocytes assessing stroke severity at the acute
stage, regulatory lymphocytes at admission were
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Figure 2. Correlation matrix between the percentage of lymphocyte subsets and neurological outcomes and Receiver operating
characteristic (ROC) curves for predicting stroke severity and prognosis. (a) Heat map used to visualize correlations between the
percentage of different clusters of lymphocytes at different time points and infarct volume, NIHSS and mRS score at admission,
discharge, and 3 months. The color bar represents Spearman r value and star symbols (¥) represents for statistical significance.
Heatmap was drawn by R package pheatmap, clustered by columns. *: p < 0.05, **: p < 0.01, ¥ p < 0.001, no symbol: no statistical
significance. (b) ROC curves for prediction of poor admission NIHSS (NIHSS >5) using Random Forest (purple line), Logistic
regression (red line), Support Vector Machine (SVM) (green line) and Decision Tree (blue line) models (Top left); for prediction of
poor admission (Top right), discharge NIHSS (NIHSS >5) (Middle left), 3-month NIHSS (NIHSS >2) (Middle right), discharge mRS
(mRS >3) (Bottom left) and poor 3-month mRS (mRS >2) (Bottom right) using Logistic regression model. “Basic” (dotted black line):
factors including age, sex, past history of hypertension, diabetes and disorder of lipid metabolism, and habits of drinking and smoking,
tPA treatment and infarct volume. “CD4+ Treg”(green line), “CD8+ Treg” (purple line), “DNT” (blue line), “Breg” (yellow line):
“Basic” adding CD4™" Tregs/lymphocytes, CD8" Tregs/lymphocytes, DNTs/lymphocytes, or Bregs/lymphocytes respectively; “All
Regs” (red line): “Basic” adding Bregs/lymphocytes, CD4" Tregs/lymphocytes, CD8" Tregs/lymphocytes, and DNTs/lymphocytes.
Decimals in brackets: area under the curve (AUC). NIHSS: National Institutes of Health Stroke Scale; mRS: modified Rankin Scale.

analyzed using multivariate logistic regression analyses
with larger infarct volume (>3cm®) and unfavorable
neurofunctional scores (NIHSS >5 or mRS >3)
(Table 2). However, none of these variables showed a
strong association with the infarct volume at admis-
sion. The percentage of DNTs within lymphocytes
exhibited a significant positive relationship with
NIHSS  score[OR  (95%CDH=1.27 (1.07-1.49),
p=0.004], though the level of DNTs at admission
was not changed. Only the percentage of CD4" Tregs

within lymphocytes had a negative correlation with
both NIHSS and mRS scores [OR (95%CI)=0.48
(0.28-0.81) & 0.55 (0.33-0.89), p=0.006 & 0.016].
These results suggested that the lower level of CD4"
Tregs or the higher level of DNTs at admission, the
worse of neurofunction after stroke.

In addition, to evaluate the prediction ability of lym-
phocytes in predicting stroke outcomes, we used lym-
phocytes’ percentages along with the clinical features to
calculate receiver operating characteristic (ROC)
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Table 2. Logistic regression of acute stage characteristics.

Infarct volume > 3 cm’ NIHSS > 5 mRS > 3
Admission
(/Lyphocytes, %) OR (95% ClI) P Value OR (95% ClI) P Value OR (95% ClI) P Value
Bregs 1.09 (0.89-1.34) 0.396 I.11 (0.92-1.32) 0.279 1.07 (0.90-1.28) 0.445
CD4" Tregs 1.02 (0.57-1.83) 0.954 0.48 (0.28-0.81) 0.006 0.55 (0.33-0.89) 0.016
CD8" Tregs 1.26 (0.86-1.86) 0.239 0.90 (0.63-1.27) 0.533 0.95 (0.68-1.33) 0.762
DNTs 1.16 (0.98-1.38) 0.095 1.27 (1.07-1.49) 0.004 0.93 (0.79-1.10) 0.399

Data were analyzed using binary logistic regression. OR: odds rate; Cl: confidence interval; NIHSS: National Institutes of Health Stroke Scale; mRS:

modified Rankin Scale.

curves and the area under the curve (AUC) by applying
and comparing four classification models: Logistic
regression, Support Vector Machine (SVM), Decision
Tree, and Random Forest. Among them, Logistic
regression showed the greatest predictive ability and
was considered for further prediction analysis. The
addition of all investigated immunoregulatory lympho-
cytes at the admission to the logistic regression model
that included factors known to affect the stroke out-
comes improved the AUC for the prediction of NIHSS
at admission, especially CD4" Tregs and DNTs
(Figure 2(b)). It was suggested regulatory lymphocytes,
especially CD4" Tregs and DNTs, provided more
accuracy to assess the acute stage severity of ischemic
stroke.

Relationships between the regulatory lymphocytes
and stroke outcomes

Infiltration of lymphocytes persists during the late-
stage and is involved in the resolution phase of brain
injury in animal models of stroke.*® Clinical studies
suggested that the changes in lymphocytes may
impact the long-term outcome after brain injuries.***
And the frequencies of circulating B- and T-lympho-
cytes can be indicators for stroke outcomes.*® Next,
similar linear regression analyses were also conducted
(Supplementary Table 3) and summarized (Figure 2(a))
to assess the correlations between lymphocytes and
stroke outcomes at discharge and 3 months. As a
result, at discharge, no elements showed a significant
relationship with same-time neurological scores.

At 3months, only the percentage of B cells within
lymphocytes had a significant relationship with neuro-
logical scores at the same time-point (Supplementary
Table 3, NIHSS: Spearman r =0.25, p =0.04). Only the
percentage of T cells within lymphocytes at 1 month
had statistically significant correlations with the mRS
score at 3months (Supplementary Table 3, Spearman
r=-0.37, p=0.01).

The greatest predictive ability of neurological out-
comes at the sub-acute stage was manifested in the level

of CD4" Tregs at admission, too. A lower level of
CD4" Tregs at admission suggested poorer NIHSS
and mRS scores at discharge in our present study
(Supplementary Table 3, Spearman r=-0.23 & —0.23,
p=0.001 & 0.001). The percentages of CD4" T cells
and T cells within lymphocytes at admission were also
negatively related to NIHSS score at discharge
(Supplementary Table 3, Spearman r=-0.17 & —0.19,
p=0.01 & 0.006). While the percentage of CD8" Tregs
at admission were positively related to mRS score at
discharge (Supplementary Table 3, Spearman r=0.18,
p=0.01), which provided evidence on higher CDg8"
Tregs’ potential of predicting unfavored short-term
stroke outcomes.

Excitingly, our study suggested that the percentage
of CD4™ Tregs within lymphocytes at admission had a
great predictive ability of mRS score at 3 months after
stroke (Supplementary Table 3, Spearman r=0.14,
p=0.04), as well as the percentage of B cells within
lymphocytes (Supplementary Table 3, Spearman
r=-0.14, p=0.04).

Furthermore, the abilities of regulatory lymphocytes
to predict the ischemic stroke outcomes were further
evaluated by logistic regression analyses (Table 3).
Multivariate logistic regression analyses suggested
patients with higher percentage of CD4" Tregs within
Ilymphocytes at admission had lower risks of unfavor-
able outcomes at discharge [NIHSS: OR (95%CI) =
0.47 (0.26-0.85), p=10.012; mRS: OR (95%CI)=0.44
(0.25-0.75), p=0.003]. Meanwhile, higher percentage
of Bregs within lymphocytes at admission suggested
worse outcomes at discharge [NIHSS: OR (95%CI) =
1.19 (0.98-1.46), p=0.085; mRS: OR (95%CI)=1.21
(1.00-1.45), p=0.047], though no significance was
observed in linear regression. For long-term outcomes,
however, due to the excellent functional recoveries
obtained, the defines of unfavorable outcomes were
adjusted as NIHSS >2 or mRS >2. the percentage of
CD4" Tregs within lymphocytes at admission was also
a potential predictor of mRS score at 3 months [OR
(95%CI)=1.59 (1.01-2.50), p =0.043].
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Table 3. Logistic regression of discharge and 3 months characteristics.

Discharge 3 months

NIHSS > 5 mRS > 3 NIHSS > 2 mRS > 2
Admission
(/Lyphocytes, %) OR (95% CI) P Value OR (95% ClI) P Value OR (95% Cl) P Value OR (95% CI) P Value
Bregs 1.19 (0.98-1.46) 0.085 1.21 (1.00-1.45) 0.047 I.14 (0.87-1.50) 0.354  0.97 (0.82-1.14) 0.698
CD4" Tregs 0.47 (0.26-0.85) 0.012  0.44 (0.25-0.75) 0.003 0.74 (0.33-1.65) 0.459 1.59 (1.01-2.50) 0.043
CD8" Tregs 0.75 (0.48-1.15) 0.180 1.07 (0.75-1.51) 0.720  0.91 (0.51-1.63) 0.740 1.20 (0.87-1.64) 0.268
DNTs 1.02 (0.85-1.23) 0.808  0.97 (0.81-I.15) 0.708 1.03 (0.80-1.34) 0.803 1.04 (0.90-1.21) 0.575

Data were analyzed using binary logistic regression. OR: odds rate; Cl: confidence interval; NIHSS: National Institutes of Health Stroke Scale;

mRS: modified Rankin Scale.

Although the changes in the percentages of lympho-
cyte subsets were significant until 3 months, the correla-
tions’ significance was mostly exhibited at admission but
not discharge and long-term (Figure 2). It’s suggested
that acute-stage regulatory lymphocytes’ changes were
crucial to not only short-term but also long-term out-
comes, but their later changes barely mattered.

Dividing patients into two groups by the median of
the percentage of these regulatory lymphocytes within
total lymphocytes at admission (Bregs: 2.466%; DNTs:
2.490%; CD8" Tregs: 1.363%; CD4" Tregs: 2.209%),
significant differences were observed in the severity pro-
cess of stroke between higher and lower CD4" Tregs
and in mRS changes between higher and lower CD8™
Tregs, but not in Bregs and DNTs (Figure 3).
Furthermore, the time-score lineal fitting curves sug-
gested patients with a lower percentage of CD4" Tregs
within lymphocytes at admission had worse neurological
outcomes at the early stage but recovered more quickly
than those with a high percentage (Supplementary
Figure 3(d)). For CD8" Tregs, lower CD8" Tregs at
admission suggested favored mRS outcomes from
admission to discharge (Supplementary Figure 3(c)).

The combination of these analyses indicated that a
higher percentage of CD4" Tregs within lymphocytes
at admission predicted favored short-term outcomes,
but worse mRS long-term outcomes. While in some
level, higher CD8" Tregs paralleled with unfavored
short-term mRS outcomes, higher DNTs with unfa-
vored acute-stage NIHSS outcomes, and higher Bregs
with unfavored discharge neurological outcomes.

ROC curves also demonstrated that the addition of
immunoregulatory lymphocytes at admission to the
Logistic regression model improved the AUC for the
prediction of neurological outcomes at discharge and
3months (Figure 2(b)). For sub-acute stage predic-
tions, CD4" Tregs exhibited the best predictive ability,
while the predictive ability of CD8" Tregs was not fur-
ther reflected; for long-term predictions, CD4" Tregs
and Bregs enhanced the model’s predictive ability. In a
word, these results provided further evidence on

immunoregulatory  lymphocytes  enhancing the
model’s predictive ability of short-term and long-term
outcomes.

Independency of the regulatory lymphocytes with
clinical risks of stroke

Patient history and neurological exam are important for
stroke diagnosis.>’ In stroke patients, the neurological
outcome depends on multiple factors including age, sex
differences, and admission clinical characteristics®’ %’
Blood leukocytes are also known to be influenced by a
series of diseases or habits. Thus, the relationships
between the regulatory lymphocytes and clinical risks
of stroke were further assessed. It was revealed that in
the healthy controls, Bregs and DNTSs’ percentages were
negatively related to age, but not related to sex differ-
ence. While the levels of CD4" and CD8™ Tregs did not
correspond to either age or sex (Supplementary Table 4).

After stroke, admission Bregs and DNTSs’ percen-
tages were still negatively related to age. However,
CD4" and CD8* Tregs’ percentages also showed rela-
tionships ~ with  patients’ age at admission
(Supplementary Table 4). Older patients had lower
CD4" Tregs and higher CD8" Tregs, which was also
consistent with the regulatory lymphocytes’ changes
after stroke. Only CD4" Tregs exhibited a significant
difference in sex (Supplementary Table 4). Females had
significantly lower CD4" Tregs than males at admis-
sion as we observed.

All the investigated regulatory lymphocytes pre-
sented weak relationships with clinical risks including
drinking, smoking, hypertension, and diabetes. Only
admission Bregs showed positive relationships with
admission LDL’s level (Supplementary Table 4). It is
revealed that admission regulatory lymphocytes, espe-
cially CD4" and CD8" Tregs, were independent with
most clinical risks, which provided them more evidence
on their dependability to predict stroke outcomes.

Due to the low proportions of patients with atrial
fibrillation and coronary artery disease (9.52% &
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Figure 3. Changes of neurological score from admission to 3 months in different levels of regulatory lymphocytes. Variation of
NIHSS (left) or mRS score (right) from admission to 3 months grouped by the median of the percentage of regulatory lymphocytes
within total lymphocytes at admission ((a): Breg: 2.466%; (b): DNT: 2.490%; (c); CD8+Treg: 1.363%; (d): CD4-+Treg: 2.209%). Green
circle symbols: patients with the percentage of regulatory lymphocytes lower than the median; red square symbols: patients with the
percentage of regulatory lymphocytes higher than the median. Data are presented as mean =+ SD. Two-way ANOVA and Bonferroni’s
multiple comparisons tests were employed to test significance. * p < 0.05, **: p < 0.01, ns: no significance.
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Figure 4. Continuous changes in the percentage of CD4" Tregs within lymphocytes in 28 patients. (a) Left: Violin plots with median,
25 and 75% quartiles of the percentage of CD4" Tregs within lymphocytes of different time points after acute ischemic stroke
(Admission: blue, Discharge: orange, | month: red, 3 months: purple) in the 28 patients with complete data (RM one-way ANOVA, p
= 0.0005). Bonferroni’s multiple comparisons tests were employed to examine the differences between time-points. Right: Spearman
correlation between the percentage of CD4" Tregs within lymphocytes and time after onset. The dotted line represents 95%
confidence bands of the best-fit line. (b) Variation of the percentage of CD4™ Tregs within lymphocytes from admission to 3 months in
patients with tissue plasminogen activator (tPA) treatment (n = 6), habits of drinking (n =5), smoking (n = 4), history of hypertension
(n=19), diabetes (n= 1), blood low-density lipoprotein (LDL) higher than 3.37 mmol/L (n=13) or not. All data are presented as
mean £ SD. Two-way ANOVA and Bonferroni’s multiple comparisons tests were employed to test significance. **: p <0.01, **¥:

p <0.001, “ns” or no symbol: no significance.

4.76%), the influences of these comorbidities were not
further evaluated.

Independent correlation and predictive ability of the
CD4" Tregs in acute ischemic stroke

Our data have indicated that CD4" Tregs were an
impressive marker with the ability to not only reflect

severity after acute ischemic stroke but also predict
long-term outcomes, meanwhile embracing consider-
able independence with stroke risk factors. Thus
CD4" Tregs’ characteristics and dynamic changes
were further concentrated.

Further assessments involving clinical and demo-
graphic determinants were provided to detect whether
CD4" Tregs are an independent predicting factor of



2290

Journal of Cerebral Blood Flow & Metabolism 41(9)

ischemic stroke outcomes. Among these patients
enrolled in our study, the admission CD4" Tregs was
significantly ~ associated  with age and  sex
(Supplementary Table 4). Also, tPA treatment is a
known factor related to stroke outcomes and post-
stroke CD4" Tregs change [8]. However, among age,
sex, and tPA treatment, multivariable linear regression
suggested a lower percentage of CD4" Tregs within
lymphocytes at admission was independently associat-
ed with poorer mRS at admission or discharge, but
greater mRS at 3months (Supplementary Table 5).
Meanwhile, a lower percentage of CD4" Tregs within
lymphocytes at admission was independently associat-
ed with poorer NIHSS at admission and discharge
(Supplementary Table 5).

Finally, the data of the 28 patients with complete
blood sample collection at 4 time-points were focused
on tracking the CD4" Tregs’ dynamic changes. The
percentage of CD4" Tregs within lymphocytes had an
excellent correlation with the time after onset (Figure 4
(a)). No significant difference in the percentage of
CD4" Tregs within lymphocytes changes was observed
between patients with or without tPA treatment.
Meanwhile, the dynamic changes of CD4%' Tregs
were independent of smoking, drinking, hypertension,
diabetes, and LDL level (Figure 4(b)). However, no
statistically significant difference was observed in the
continuous changes of CD4" Tregs between poorer
and greater neurological outcomes and in their time-
percentage linear fitting curves, except between the
linear fitting curves of NIHSS at 3months
(Supplementary Figure 4). The fitting curves demon-
strated patients who had unfavorable long-term
NIHSS outcomes tended to have a higher level of
CD4™ Tregs all the time, consistent with the previous
discovery that a lower level of CD4" Treg at admission
predicted a favored long-term prognosis.

Discussion

In both animal models of stroke and stroke patients,
the change of quantity or function in peripheral blood
lymphocytes can be observed.*® *° The dynamic change
of circulating lymphocytes is suggested because of the
activation of the sympathetic nervous system and the
release of multiple molecular patterns from the injured
brain.*"*? Stroke, while traditionally considered as an
"acute" neurological disorder, has been recognized as
accompanied by chronic pathological outcomes, it will
also be necessary to monitor lymphocyte levels acutely
and chronically. Moreover, lymphocytes not only con-
tribute to early inflammation and brain injury, but
some subsets of them can also contribute to the
repair and regeneration of the brain at later stages.*
It is challenging so far as to identify a cost-effective and

sensitive biomarker for stroke. Peripheral blood lym-
phocytes embrace its convenience to collect and ana-
lyze, which provides the potential to be a hopeful
clinical biomarker for stroke diagnosis and prediction.

Our present study demonstrated long-term dramatic
changes in the lymphocyte subsets among acute ische-
mic stroke patients, including B cells, CD4" T cells,
Bregs, CD4" Tregs, CD8" Tregs, and DNTs.
Immunity plays various roles in stroke pathology and
is regarded as a key target of stroke therapy.**
Regulatory lymphocytes perform a factual and contro-
versial role in stroke.?” Thus, the dynamic changes of
these lymphocytes set off our interests. B cells extraor-
dinarily increased after stroke and maintained for the
long term. This proliferation may be interpreted into
the B lymphocytes’ activation response to antigen
release after stroke.* While total T cells’ quantity
kept stable after stroke. CD4" helper T cells slightly
and shortly increased after stroke. CD8" cytotoxic T
cells, which is thought detrimental to stroke-related
demyelination,*® remained steady after stroke.

Attractingly, the changes in immunoregulatory lym-
phocytes were significant and noteworthy. CD4 " Tregs
are highly attention-attracting immunoregulatory cells
involved in stroke, though their role is yet considered
to be controversial.”® The dynamic change of CD4"
Tregs enrolled in our study was consistent with previ-
ous researches,*’*® which means they dropped signifi-
cantly within three days after stroke but rose reversely
at about seven days, then quickly returned normal.
CD4" Tregs are cerebroprotective immunomodulators
of inflammatory brain damage that happens after
stroke. The change of CD4" Tregs may due to endog-
enous adaptive immune response and multiple inflam-
matory pathways after brain injury.*” Bregs are
considered to be potentially beneficial for stroke
patients,”> which were also found significantly
increased in our study. Another regulatory T cells—
CDS8" Tregs, which are also found reacting to
stroke,*” increased dramatically and stayed high after
stroke. The change of CD8" Tregs can be induced by
multiple cytokine and post-stroke neuroinflammation.
A previous study suggested IL-10-secreting Bregs
involve in a potential neuroprotection function by
inducing CD8" Tregs and ameliorating neuroinflam-
mation after stroke.®® It is interesting to investigate
CD8" Tregs considering the differences in natural
Treg function. Differently from a previous study,**
DNTs were observed to up-regulated at 3 months
after stroke only.

Long-lasting changes in the frequencies of circulat-
ing lymphocytes are associated with cellular and
humoral immune status. Our further statistical analyses
had revealed great relativity with stroke outcomes
among these lymphocyte subsets. Although in the
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long-term, the lymphocytes’ proportion lacks correla-
tions with neurological scores, possibly due to most
lymphocytes converted back to normal levels swiftly.
Another considerable reason is the long-term blood
lymphocytes level is easily influenced by various envi-
ronmental factors like inflammation, nutrition condi-
tions, etc. Besides, a limitation of our study is that most
patients had a favored recovery making their 3-months
neurological score  somehow  indistinguishable.
Anyhow, a higher level of B cells at 3 months was the
only biomarker accompanied by poorer neurological
outcomes, which supported the hypothesis of autoan-
tibody induces dementia after stroke.'”

Excitingly, correlation analysis revealed high corre-
lations between lymphocytic proportions and neuro-
logical assessment at the early stage, especially at
admission, but not infarct volume. ROC curves sug-
gested that lymphocytic proportions exhibit extraordi-
nary predictive abilities for admission, discharge, and
3-months neurofunctional outcomes.

Linear regression analyses suggested B cells showed
a weak correlation to admission severity of stroke at
admission, but admission severity could influence B
cells level at discharge and 1 month. While higher B
cells’ proportion within lymphocytes was positively
related to favored long-term neurofunctional outcomes
which is consistent with the previous research.'
However, it is hard to explain why a high level of B
cells at admission was associated with a great 3-months
prognosis, but a high level of B cells at 3 months was on
the contrary, leaving a complex mechanism of the
humoral immune response to ischemic stroke to be
solved. Interestingly, the level of Bregs at admission
predicted poorer neurological outcomes at discharge
in logistic regressions, which provides little evidence
on Bregs being a good immunomodulator in stroke.*?

DNTs were the only marker reflecting the severity of
infarct volume at admission. Infarct volume showed a
weak correlation with blood lymphocyte subsets’ pro-
portions in our study. DNTs showed poor correlations
with neurological outcomes in the linear regression.
However, DNTs showed positive relativity with
NIHSS score at admission in logistic regression, sug-
gesting a delicate predictive ability for short-term sever-
ity. Thus, our research provides some evidence for
previous research that believes DNTs exacerbated
ischemic brain injury.>*

CD8" Tregs is a unique subgroup of regulatory T
cells, which was had little knowledge of. In our study, a
higher percentage of CD8" Tregs at admission pre-
dicted poorer mRS neurological outcomes at admission
and discharge. CD8" Tregs’ level stayed stable that was
still related to admission mRS score at 1 month, which
is unique in all regulatory lymphocytes we investigated.
It is inferred that CD8" Tregs were a potential

reflection of short-term stroke severity, though it
remained ambiguous whether it played a damage-
aggravating or a pro-restore role in stroke.

As a mostly researched regulatory lymphocytes,
CD4" Tregs showed extraordinary predictive abilities
not only to reflect short-term NIHSS and mRS neuro-
logical severity but also to predict long-term mRS
prognosis in our study. Unlike other regulatory lym-
phocytes, the percentage of CD4" Tregs dropped at
admission. It is notice-worthy that a lower level of
CD4" Tregs at admission stood for greater severity at
admission and discharge, but for greater prognosis at
3months. A reasonable explanation is that the lack of
Tregs augments the activation of inflammatory
responses at the early stage, thus exacerbating second-
ary brain damage.*’ Regarding its promotion for long-
term restoration, further researches are required to
fully reveal the function of CD4" Tregs as the role it
plays in stroke is so controversial. Our results proved
that immunoregulatory lymphocytes, especially CD4"
Tregs, were more sensitive biomarkers of stroke sever-
ity and outcomes than regular lymphocyte subsets.

Human stroke outcomes depend on age, gender, and
comorbid conditions.® Considering circulating lym-
phocytes are sensitive to a series of clinical diseases
and conditions, the independence of regulatory lym-
phocytes was assessed in further concern. All regulato-
ry lymphocytes succeeded in the examination of
independence with risk factors including habits of
drinking, smoking and hypertension, and diabetes.
Besides, none of them was distinguishable between
sex in healthy controls. However, female witnessed
lower CD4™" Tregs at admission. According to our pre-
vious finding that lower admission CD4" Tregs pre-
dicted worse neurological outcomes, the sex
difference in CD4" Tregs is consistent with the previ-
ous report that women witnessed poorer stroke out-
comes than men.?® In our study, age was found to be
a determination of the circulating Bregs and DNTSs’
levels, which has not been reported yet to our knowl-
edge. While after stroke, all investigated regulatory
lymphocytes were found to be influenced by age. The
older patients were, the lower levels of Bregs, DNTs,
CD4" Tregs, but the higher level of CD8" Tregs they
had. As reported and we observed, older patients are
more vulnerable to ischemia stroke.?’ It is inferred that
there should be some age-related mechanism affecting
regulatory lymphocytes’ activation. Cardiovascular
comorbidities are also reported to be associated with
post-stroke neurological deficiency;?® however, the
influences of history of atrial fibrillation and coronary
artery disease were not further concerned because of
the small proportions. Conclusively, it was revealed
that regulatory lymphocyte subsets were relatively
independent biomarkers predicting stroke outcomes.



2292

Journal of Cerebral Blood Flow & Metabolism 41(9)

The comprehensive correlation and independence of
CD4" Tregs attracted our further attention. More
detailed analyses reveal that little relativities were
observed of CD4" Tregs with clinical risks of stroke.
Moreover, multivariant linear regressions evidenced
that CD4" Tregs’ predictive ability was independent
with age, sex, and tPA treatment.

Overall, our data evidence that the proportions of
regulatory lymphocytes in PBMCs may be potentially
clinical biomarkers for stroke outcomes prediction as
they enhanced the predictive abilities of the model
including traditional risk factors. CD4" Tregs are a
highlight in immune-associated stroke research, and
its importance was proved again because of its great
correlation and predictive ability not only in the acute
stage but also in long-term outcomes. We are the first
to comprehensively investigate the role of regulatory
lymphocytes, including less focused regulatory lympho-
cytes, Bregs, CD8" Tregs and DNTs, in long-term
stroke outcomes. They also showed less but nonnegli-
gible degrees of correlation and predictive ability in
acute severity of ischemic stroke. Further studies are
needed to understand the roles of these regulatory lym-
phocytes and the cooperation or antagonism among
them in ischemic stroke patients.

Our study evaluates the correlations between the
number of circulating lymphocytes and the long-term
outcomes in stroke patients. The change of immuno-
regulatory lymphocytes overtime after stroke will be
useful to predict stroke outcomes or the effectiveness
of stroke treatment. The novelty of our study includes
the comprehensive investigations of several known but
unclear regulatory lymphocytes, the long-term follow-
ups of these immunological members, the multifaceted
analyses of clinical assessments, and evaluation of the
regulatory lymphocytes as stroke biomarkers. Some
limitations of our study should be noted. First, our
study is restricted to the peripheral blood as lympho-
cyte levels in the brain are not readily accessible in
patients. Second, the neurological assessments at
I month after stroke were ignored, though patients’
blood was collected at that time-point. And then, at
3months, most patients enrolled in this study had
near and favored outcomes, which narrows the dis-
crimination between them. Third, the clinical informa-
tion on stroke risk factors among the controls was not
recorded because they were from the healthy volunteers
who lacked intact information. Fourth, although the
long-term follow-up of neurological scores by tele-
phones or visits was successful, the follow-up of
blood collection of these subjects was considerably
missing because some patients refused to come back
to the hospital to collect blood samples for personal
reasons. The 28 patients with complete data from
admission to 3months, which is limited for tracking

CD4" Tregs’ dynamic changes. Last, besides CD4"
Tregs, CD8" Tregs also had a nonnegligible potential
of reflecting and predicting stroke severity and progno-
sis, as well as DNTs and Bregs, which deserves our
further concentration.
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