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Background: Inflammation is recognized as a pivotal factor in the pathophysiology of acute ischemic stroke (AIS) and has the
potential to influence the collateral circulation of patients. The objective of this investigation was to explore the link between
peripheral regulatory T cells (Tregs), interleukin-2 (IL-2), and the status of collateral circulation.

Methods: Between September 2023 and May 2024, the study incorporated 117 AIS patients from the neurology department, with 60
identified as having good collateral status (GCS) and 57 with poor collateral status (PCS). Additionally, a control group of 46 healthy
individuals was included. Collateral circulation in AIS patients was assessed via computed tomography angiography. The levels of
peripheral blood Tregs were quantified through flow cytometry, while IL-2 was measured by ELISA.

Results: In this investigation, patients diagnosed with PCS demonstrated reduced Tregs (5.77 + 1.55%) and IL-2 levels (7.37 + 2.61
pg/mL) compared to individuals with GCS (7.09 + 1.32%, 9.95 £ 3.58 pg/mL) and healthy controls (7.17 + 1.40%,10.33 + 4.01 pg/
mL). Logistic regression analysis identified significant associations between Tregs and IL-2 levels and collateral circulation status
(»<0.05), with diminished levels of both being independent predictors of PCS when compared to GCS. A nomogram was developed to
forecast risk factors for collateral circulation, further highlighting the potential of plasma Tregs and IL-2 levels as biomarkers in
predicting collateral circulation among AIS patients. The diagnostic performance of Tregs and IL-2 was assessed utilizing receiver
operating characteristic (ROC) analysis. The area under the ROC curve (AUC) for Tregs in differentiating GCS from PCS patients was
ascertained to be 0.741 (95% confidence interval [CI]: 0.652—0.830), while for IL-2, it was 0.710 (95% CI: 0.618-0.803). Moreover,
the combined measurement of Tregs and IL-2 resulted in an AUC of 0.779 (95% CI: 0.695-0.863).

Conclusion: Plasma levels of peripheral blood Tregs and IL-2 may function as promising biomarkers for the prediction of collateral
circulation status, suggesting potential new therapeutic approaches aimed at enhancing cerebral collateral circulation, and providing
new therapeutic targets for acute ischemic stroke.
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Introduction

Acute ischemic stroke (AIS) ranks among the primary contributors to mortality and long-term disability worldwide,
exerting considerable economic strain on both society and families.' Cerebral collateral circulation serves a pivotal
function in safeguarding the brain from ischemic and reperfusion injury.” In the event of stenosis or occlusion of cerebral
blood vessels, collateral circulation permits the delivery of blood to the infarct-adjacent region, commonly referred to as
the penumbra, thus offering protection to the ischemic brain tissue in that area.’> Good collateral status (GCS) has been
linked to improved clinical outcomes in AIS patients undergoing intravenous thrombolysis or endovascular therapy.”*
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Clinically, the assessment of collateral circulation is predominantly performed using imaging techniques, with digital
subtraction angiography (DSA) widely acknowledged as the premier approach for detecting collateral circulation status.’
Despite its accuracy, the invasive nature of DSA limits its widespread use. Computed tomography angiography (CTA),
valued for its non-invasive approach, has emerged as a preferable method for evaluating collateral circulation in AIS
patients.® However, various neuroimaging techniques are often confined to major stroke centers and are inaccessible in
numerous other regions, hindering the ability to monitor dynamic changes in collateral circulation during long-term
follow-up of ischemic stroke.” At present, effective and sensitive biomarkers for predicting collateral circulation remain
unavailable. Thus, identifying reliable biomarkers is of great significance for predicting collateral circulation and
determining the clinical prognosis.

Inflammation is recognized as a key factor in the pathophysiology of ischemic stroke, encompassing a complex interplay
of various cell types and effector molecules, impacting tissues beyond the central nervous system.8 Uncontrolled and
excessive inflammatory responses exacerbate ischemic brain damage and impede post-stroke cerebral recovery. Regulatory
T cells (Tregs), a vital subgroup of anti-inflammatory T cells, serve a function in mediating immune tolerance and ensuring
tissue homeostasis.”'® Tregs are involved in post-ischemic stroke inflammatory and immune responses via multiple mechan-
isms, significantly contributing to the limitation of brain damage and the promotion of recovery after stroke. In addition to
stroke, research indicates that Tregs play a critical role in cardiovascular diseases, diabetes, and other conditions. In
cardiovascular diseases, Tregs can limit the inflammatory response in atherosclerotic plaques, thereby reducing plaque rupture
and subsequent cardiovascular events.'' Similarly, in diabetes, Tregs are involved in maintaining immune tolerance, and their
dysfunction is closely associated with the onset and progression of type 2 diabetes.'”

Interleukin-2 (IL-2), commonly called T cell growth factor, is produced by T lymphocytes in response to antigenic
stimulation and is crucial for regulatory T cells expansion. Previous studies have demonstrated that defects in the 1L-2
receptor and its downstream signaling pathways are closely linked to the pathogenesis of type 1 diabetes, and enhancing
IL-2 signaling can prevent and reverse the disease by restoring Tregs cell function.'® Additionally, research has shown
that a single intravenous injection of recombinant human interleukin-2 (rhIL-2) improves cardiac function after
myocardial infarction by promoting angiogenesis and activating natural killer (NK) cells.'* Following ischemic stroke,
IL-2 exerts neuroprotective effects by promoting Tregs expansion and inhibiting inflammation.

Nevertheless, it remains unclear whether Tregs and IL-2 have additional roles following ischemic stroke, particularly
concerning their potential impact on cerebral collateral circulation post-ischemia. This study aims to investigate the
association between two systemic immune-inflammatory markers, Tregs and IL-2, and the collateral circulation status in
AIS patients through flow cytometry and enzyme-linked immunosorbent assay (ELISA), highlighting their potential as

biomarkers for predicting and improving treatment outcomes.
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Materials and Methods
Study Design and Subjects

The study design flowchart is presented in Figure 1. This investigation is a retrospective, single-center, observational
case-control study. Between September 2023 and May 2024, AIS patients who received treatment at the Department of
Neurology, The First Hospital of Anhui University of Science & Technology, were prospectively enrolled.

The inclusion criteria were as follows: (1) A clinical diagnosis of AIS verified through cranial magnetic resonance
imaging and diffusion-weighted imaging; (2) Symptom onset within 3 days; (3) Patients aged 18 years or older; (4) The
presence of intracranial atherosclerotic stenosis (=50%) or occlusion in the anterior circulation, confirmed by CTA within
7 days after symptom onset.

The exclusion criteria included the following: (1) Intracranial hemorrhage identified through neuroimaging; (2)
A confirmed life expectancy of less than 6 months, attributable to cancer or severe systemic diseases; (3) Presence of
chronic inflammatory conditions, pregnancy, or being a kidney transplant recipient; (4) A history of trauma, surgical
procedures, or administration of steroids, immunosuppressants, immunomodulators, or antibiotics within 30 days prior to
hospitalization; (5) Evidence of active infection (body temperature >37.5 °C, increased white blood cell [WBC] count),
symptoms such as productive cough, urinary dysfunction, or diarrhea; (6) Thrombolysis or thrombectomy following
stroke onset, as well as a baseline modified Rankin Scale (mRS) score of >2.

Collateral circulation status was not utilized as an inclusion criterion in this study. It was assessed by independent,
blinded observers through the previously established TAN scoring system.'> AIS patients were categorized into two
groups: individuals with GCS (TAN 2-3) and those with poor collateral circulation (PCS, TAN 0-1). Healthy volunteers,
free of any stroke history, were selected as the control group and matched with AIS patients based on age and gender,
minimizing the confounding effects of other risk factors.

Clinical Examination
Demographic information, including age, epidemiological details, and comorbidities, was extracted from the participant’s

medical records. Laboratory findings such as WBC count, renal function, lipid profile, cystatin C, fasting blood glucose,

intracranial atherosclerosis stenosis(>50%) or occlusion
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Figure | Flow chart of the study design.
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lipoprotein (a), and homocysteine levels were recorded. Upon admission, professionally trained neurologists evaluated
the severity of neurological deficits in all AIS patients utilizing the National Institutes of Health Stroke Scale (NIHSS).
At 90 days following the onset of stroke, the mRS was employed to score the patients.

Measurement of Peripheral Blood Tregs and IL-2

Peripheral blood samples (2 mL) were drawn from AIS patients on the second-day post-admission, with control group
samples obtained during routine physical examinations, all under fasting conditions. Flow cytometry was employed to
examine the expression of specific surface antigens on circulating Tregs. Specifically, 100 pL of peripheral blood
underwent incubation with the following monoclonal antibodies for labeling: 20 pL anti-CD3, 20 pL anti-CD4, 20 pL
anti-CD25, and 20 pL anti-CD127 (BD, Franklin Lakes, NJ, USA). The cells were evaluated utilizing a FACSCanto 11
flow cytometer (BD, Franklin Lakes, NJ, USA) and processed via Kaluza analysis software (Beckman Coulter, Brea, CA,
USA). Tregs were defined as CD4+/CD25+/CD127 low-stained cells within the lymphocyte gate. For all analyses, Tregs
% was represented as the proportion of Tregs relative to the total CD4+ lymphocyte population.

Additionally, 4 mL of peripheral blood was collected under fasting conditions on the second day (for controls, this
occurred during the physical examination). Plasma IL-2 levels were quantified using an ELISA kit (IL-2 ELISA kit,
double antibody sandwich method, catalog number 11321001; Hunan Xieguang Biotechnology Co., Ltd., Hunan, China)
per the supplier’s protocols.

Statistical Analysis

All statistical analyses were conducted utilizing SPSS 27.0 software (IBM, Chicago, IL, USA). Quantitative data with
normal distribution were denoted as mean + standard deviation and compared between groups through #-tests. Data with non-
normal distribution were denoted as median (interquartile range) [M(IQR)] and examined utilizing Mann—Whitney U-tests.
Categorical variables were displayed as frequency (percentage) [n(%)] and examined utilizing ” tests. Bivariate correlations
were assessed with Pearson coefficients for normally distributed variables and Spearman coefficients for non-normally
distributed variables. Logistic regression analysis was applied to explore the association between Tregs and IL-2 with varying
collateral circulation states. A receiver operating characteristic (ROC) curve evaluation was executed to assess Tregs’ and IL-
2’s predictive ability to regulate different collateral circulation statuses. A P-value < 0.05 was deemed statistically significant.

Results

Participant Characteristics

This investigation encompassed 46 healthy controls, 60 patients with AIS and GCS, and 57 patients with AIS and PCS
(Table 1). In comparison to the healthy control group, AIS patients demonstrated lower levels of lymphocytes, Tregs and
IL-2 (Figure 2A and B), along with elevated systolic and diastolic blood pressure, a greater incidence of hypertension and
diabetes, and increased levels of WBCs, neutrophil percentage (NEUT%), neutrophils, fasting blood glucose, homo-
cysteine (HCY), creatinine (Cr), Cystatin-C, and low-density lipoprotein (LDL). No notable disparities in age, gender,
other medical histories, or laboratory data were identified between the groups (Table 1).

In addition, when compared to the PCS group, patients in the GCS group showed higher Treg and IL-2 levels
(Figure 2C and D), lower NIHSS scores upon admission, lower mRS scores 90 days post-stroke, lower blood urea
nitrogen (BUN) levels, and higher triglyceride (TG) levels. No notable disparities in age, gender, blood pressure, or
vascular risk factors were noted between the GCS and PCS groups. Furthermore, no notable differences in other
laboratory data were found between these two groups (Table 1).

Correlation Between Peripheral Blood Tregs and IL-2 Levels and Clinical Indicators

Correlation analyses, utilizing Pearson for normally distributed variables and Spearman for non-normally distributed variables,
were performed to assess the relationships between Tregs, IL-2, and clinical indicators in AIS patients (Figure 3A-E).
A significant positive association was detected between Tregs and IL-2 levels (r = 0.3849; p < 0.0001). Negative correlations
were noted between Tregs levels and NIHSS scores (r=—0.2701; p =0.0032), 90-day mRS scores (r =—0.4763; p <0.0001), and
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Table | Baseline Characteristics of Control and Patients with AIS

Parameters Control (n = 46) AIS Patients (n = 117) P value

GCS (n = 60) PCS (n =57) Total (n = 117) AIS vs Control | GCS vs PCS
Characteristics
Age, years 65(52.75-73.50) 67.70 = 11.39 67.21 £ 13.72 69(58-78.50) 0.097 0.834
Sex (male, n, %) 21(45.70) 35(58.30) 33(57.90) 68(58.10) 0.150 0.962
SBP (mmHg) 140(129-158) 152(141-162.25) 155(141.5-168) 152(141-165) <0.001 0.424
DBP (mmHg) 85.5(78-93) 88(82-100) 81.5(73.8-99.5) 88(82-100) 0.015 0.952
NIHSS score at admission . 3(2-5) 6(3.50-12.50) 4(2-10) . 0.002
mRS score at 90 days _ 1.50(1-3) 3(14) 2(1-3) _ 0.002
Vascular risk factors (n, %)
Hypertension 24(52.20) 45(75) 41(71.90) 86(73.50) 0.009 0.707
Diabetes mellitus 8(17.4) 18(30) 23(40.4) 41(35) 0.027 0.241
Smoking 10(21.70) 13(21.70) 18(31.60) 31(26.50) 0.529 0.225
Consume alcohol 8(17.40) 7(11.70) 13(22.80) 20(17.10) 0.964 o.11o
Laboratory data
WBC (x10°/L) 5.95(4.69-7.05) 6.85 + 1.92 7.33 £257 6.90(5.33-8.54) 0.004 0.251
NEUT% 57.15 £ 7.6l 65.71 £ 10.51 67.96 + 13.38 66.80 £ 11.99 <0.001 0313
Neutrophil (x10%/L) 3.45(2.56-4.04) 4.31(3.10-5.49) 4.80(3.41-6.05) 4.52(3.28-5.73) <0.001 0.339
Lymphocyte (x10°/L) 1.93(1.46-2.36) 1.58(1.20-1.89) 1.63(0.96-2.25) 1.60(1.10-2.08) 0.005 0.829
Glucose (mg/dL) 5.10(4.60-6.13) 6.60(5.20-9.25) 6.80(5.30-8.90) 6.70(5.30-9.10) <0.001 0.959
Hcy (umol/L) 11.66(8.17-16.65) 15.92(12.25-28.3) 15.84(13.17-20.55) | 15.84(12.81-20.65) <0.001 0.721
BUN (mmol/L) 5.09(4.37-6.31) 5.2(4.21-6.79) 6.01(4.78-7.47) 5.73(4.27-7.14) 0.195 0.047
Cr (umol/L) 64.50(52.6-78.58) 72.60(60.63-9.73) 71.50(59.10-91) 72.10(60.05-90.85) 0.006 0.683
Uric acid (umol/L) 288(212-368.25) 319.37 £ 95.62 32645 + 125.26 318(239-380.50) 0.238 0.731
Lipoprotein a (nmol/L) 22.10(8.07-55.77) 26.08(11.95-75.144) | 27.12(10.31-76.14) | 26.27(11.21-75.29) 0.161 0.876
Cystatin-C (mg/L) 0.96(0.76-1.22) 1.03(0.87-1.29) 1.07(0.87-1.38) 1.06(0.87-1.33) 0.043 0.614
TG (mmol/l) 1.32(0.90-2.22) 1.29(1.09-1.74) 1.20(0.89-1.39) 1.25(0.99-1.56) 0.405 0.043
TC (mmol/L) 3.90(3.55-4.54) 4.18(3.58-4.98) 4.31(3.29-4.82) 4.20(3.54-4.88) 0.148 0.859
HDL (mmol/L) 1.04(0.89-1.28) 0.96(0.88-1.13) 1.02(0.84-1.43) 0.97(0.87-1.19) 0.531 0.472
LDL (mmol/L) 2.54 + 0.74 2.89(2.38-3.53) 3.02(2.33-3.46) 2.95 +0.95 0.009 0.987
IL-2 (pg/mL) 10.33 + 4.01 9.95 + 3.58 7.37 £ 261 8.69 + 3.39 0.009 <0.001
Tregs % 7.17 £ 1.40 7.09 £ 1.32 5.77 £ 1.55 6.45 + 1.58 0.008 <0.001

Notes: P-values below 0.05, indicating statistical significance, are shown in italicized.
Abbreviations: AlS, acute ischemic stroke; GCS, good collateral Status; PCS, poor collateral Status; SBP, systolic blood pressure; DBP, diastolic blood pressure;
NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; WBC, white blood cell; NEUT%, Neutrophil percentage; Hcy, homocysteine; TC, total
cholesterol; TG, triglycerides; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; IL-2, interleukin-2; Tregs%, % Tregs/total

CD4+ lymphocytes.

SBP (r =—0.2472; p = 0.0072) (Supplementary Figure 1A). Similarly, [L-2 levels displayed negative associations with NIHSS
scores (r =—0.1958; p = 0.0319), 90-day mRS scores (r = —0.2742; p = 0.0028), and systolic blood pressure (r =—0.2765; p =
0.0025) (Supplementary Figure 1B), while exhibiting a positive link to glucose (GLU) levels (r = 0.1886; p = 0.0417)
(Supplementary Figure 1C).

Predictive Potential of Tregs and IL-2

To assess the predictive potential of Tregs and IL-2, logistic regression analysis, a nomogram, and ROC curve analysis
were employed. Logistic regression analysis demonstrated that Tregs and IL-2 levels were linked to collateral circulation
in both unadjusted and adjusted models. After adjusting for age, gender, blood pressure, vascular risk factors, and
variables with p < 0.05 in the univariate analysis (laboratory data, NIHSS score at admission), low levels of Tregs and
IL-2 remained independent predictors of PCS (compared to the GCS group) (Table 2). Moreover, a nomogram model was
constructed to predict collateral circulation risk factors (Figures 4, 5, Supplementary Figure 2). These findings support

the potential of plasma Tregs and IL-2 levels as biomarkers for predicting collateral circulation in AIS patients.
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Subsequently, ROC curve analysis was executed to assess the diagnostic efficiency of Tregs and IL-2. The area under the
ROC curve (AUC) for Tregs in distinguishing GCS patients from PCS patients was 0.741 (0.652—0.830), while the AUC
for IL-2 was 0.710 (0.618-0.803) (Figure 6A, Table 2). Furthermore, the AUC for the combination of Tregs and IL-2
reached 0.779 (Figure 6B).

Subgroup Analysis

To further investigate the relationship between Tregs, IL-2, and collateral circulation status, we performed a series of
subgroup analyses. As illustrated in Figure 7, none of the subgroups, including age, sex, the presence of hypertension or
diabetes, as well as smoking and alcohol consumption, significantly modified the association between Tregs, IL-2, and
collateral circulation status (all P values for interaction > 0.05).
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Table 2 Correlation Analysis of Biomarkers with Different Collaterals

Variables | OR® (95% CI?) P* value | Adjusted OR® (95% CI®) | P® value | AUC (95% CI) P€ value
IL-2 0.767(0.669-0.878) <0.001 0.808(0.690-0.945) 0.008 0.710(0.618-0.803) <0.001
Tregs % 0.520(0.382-0.706) <0.001 0.559(0.382-0.818) 0.003 0.741(0.652-0.830) <0.001

Notes: P-values below 0.05, indicating statistical significance, are shown in italicized. * Logistic regression analysis, OR and 95% CI without
adjusting. b Logistic regression analysis, OR and 95% CI with adjusting for age, sex, blood pressure, Vascular risk factors and Parameters with p <
0.05 in univariate analysis (Laboratory data, NIHSS score at admission). © Receiver operating characteristic curve analysis.

Abbreviations: IL-2, interleukin-2; Tregs%, % Tregs / total CD4+ lymphocytes; AUC, the area under the receiver operating characteristic curve;

OR, odds ratio; Cl, confidence interval.

Discussion

In this study, plasma Tregs and IL-2 levels were compared between AIS patients and control groups, as well as between
GCS and PCS patients. The key findings are as follows: (1) Plasma Tregs and IL-2 levels effectively distinguished GCS
from PCS patients, with PCS patients displaying significantly lower levels of both markers in comparison to GCS
patients and healthy controls. (2) A notable negative association was observed between Tregs and IL-2 levels and NIHSS
scores at admission, as well as 90-day mRS scores. (3) Plasma Tregs and IL-2 levels were strongly linked to collateral

circulation status in individuals with AIS, with lower levels of these markers identified as independent predictors of PCS.
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In conclusion, these results underscore the predictive value of plasma Tregs and IL-2 for assessing collateral circulation
status in AIS patients, suggesting their potential as biomarkers and therapeutic targets for this patient population.

An increasing body of research indicates that collateral circulation is a key factor in determining clinical outcomes in
AIS patients, regardless of whether they undergo acute reperfusion therapy.'®!” In individuals with adequate cerebral
collateral blood supply, brain tissue within the affected vascular region may remain viable for an extended duration
before evolving into an ischemic core.'® In this investigation, GCS patients were observed to exhibit milder neurological
impairments. Moreover, 90-day functional outcomes, as measured by mRS scores, revealed that GCS patients had better
daily living abilities. These observations are consistent with the findings of earlier research.

The development of collateral circulation in patients with AIS is influenced by several factors, including genetics,
aging, sex, neurological pathways, and vascular risk conditions such as diabetes and hypertension.'® It has been
suggested that heightened inflammatory responses following ischemic stroke can negatively influence collateral circula-
tion formation.' Inflammation negatively impacts collateral vessel formation through various mechanisms, one of which
may involve a reduction in the number of endothelial progenitor cells, thereby hindering the development of collateral
vessels.? Early brain edema is partially mediated by inflammatory pathways, which may increase the resistance in
collateral arterioles, ultimately leading to collateral circulation failure.?'*? Tregs play a crucial role in this process. Prior
studies have highlighted the critical role of Tregs in maintaining immune tolerance and mitigating inflammatory
collateral damage by regulating self-reactive immune responses.*>** One investigation revealed that Tregs are capable
of inhibiting the expression of neutrophil-derived matrix metalloproteinase-9 (MMP-9) and safeguarding the blood-brain
barrier to mitigate cerebral damage after AIS. This mechanism requires cell-to-cell interaction and is mediated through
PD-1/PD-L1 signaling.*®> Furthermore, Tregs modulate the function of effector T cells by secreting inhibitory cytokines
such as TGF-B, IL-10, and IL-35, thereby suppressing excessive inflammatory responses and reducing the potential
damage to collateral vessels. Through this immune regulatory function, Tregs help alleviate inflammatory damage in
collateral circulation and promote vascular stability and functional recovery. Moreover, another study observed
a correlation between low MMP-9 levels and high monocyte chemoattractant protein-1 levels with GCS status prior to
treatment.”® These studies suggest that Tregs, by regulating immune responses and particularly through the secretion of
inhibitory cytokines to control inflammation, may play a significant role in the formation of collateral circulation
following ischemic stroke. This study found that early peripheral blood Tregs in ischemic stroke patients were reduced
when compared with a healthy control group, aligning with findings from Ruhnau et al.?’ Furthermore, a negative
correlation was identified between Tregs and 90-day mRS scores (r = —0.2742; p = 0.0028), indicating that elevated
levels of Tregs are predictive of improved clinical outcomes. It was also demonstrated that GCS patients exhibited higher
plasma Tregs levels than PCS patients, suggesting that elevated Tregs levels may enhance the development of collateral

circulation.
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Subgroup No of patients (%) Odd Ratios (95% CI) P for interaction
Age, years
IL-2 0.38
<65 46(39.3%) 0.695(0.543-0.889) —eo—i
=65 71(60.7%) 0.803(0.679-0.948) —o—1
Tregs % 0.253
<65 46(39.3%) 0.318(0.150-0.675) —e—
=65 71(60.7%) 0.568(0.402-0.803) —o—
Sex
IL-2 0.237
Male 68(58.1%) 0.715(0.593-0.864) o
Female 49(41.9%) 0.845(0.691-1.034) —e—i
Tregs % 0.672
Male 68(58.1%) 0.554(0.357-0.831) —e—
Female 49(41.9%) 0.475(0.297-0.760) —eo—
Hypertension
IL-2 0.157
Yes 86(73.5%) 0.801(0.692-0.927) e
No 31(26.5%) 0.574(0.370-0.889) —e—
Tregs % 0.77
Yes 86(73.5%) 0.525(0.370-0.745) —eo—i
No 31(26.5%) 0.467(0.223-0.937) —e—
Diabetes mellitus
IL-2 0.104
Yes 41(35.1%) 0.640(0.484-0.845) —e—i
No 76(64.9%) 0.836(0.710-0.986) o
Tregs % 0.465
Yes 41(35.1%) 0.431(0.231-0.805) ——
No 76(64.9%) 0.563(0.396-0.800) —e—
Smoking
IL-2 0.112
Yes 31(26.5%) 0.582(0.391-0.867) —e—
No 86(73.5%) 0.822(0.710-0.951) e
Tregs % 0.753
Yes 31(26.5%) 0.458(0.229-0.917) —e—i
No 86(73.5%) 0.519(0.367-0.734) —o—i
Consume alcohol
IL-2 0.671
Yes 20(17.1%) 0.710(0.486-1.036) —e—1
No 97(82.9%) 0.767(0.669-0.878) e
Tregs % 0.562
Yes 20(17.1%) 0.400(0.159-1.005) —o——
No 97(82.9%) 0.520(0.382-0.706) —e—
I | 1

00 05 1.0 1.5
Unadjusted OR

Figure 7 Subgroup analyses of the association between the Tregs, IL-2, and collateral circulation status.
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Beyond their immunoregulatory role, emerging evidence underscores the significant involvement of Tregs in
angiogenesis.”® The involvement of Tregs in angiogenesis has been investigated across a range of disease conditions,
particularly in the field of oncology, due to their considerable therapeutic potential. The relationship between angiogenesis
and Tregs can be classified into two mechanisms: one involves the VEGF signaling pathway, while the other is mediated
through the regulation of other immune cells and the secretion of pro-angiogenic cytokines and growth factors. Studies
providing direct evidence of Tregs regulating VEGF signaling are relatively scarce. Li et al*® demonstrated that Helios+
Tregs facilitate angiogenesis in the bone marrow of acute lymphoblastic leukemia mice via the VEGF-A/VEGFR-2

1*° discovered that tumor hypoxia triggers an upregulation of chemokine CC-

pathway. Similarly, Facciabene et a
chemokine ligand 28, facilitating increased Tregs levels in tumors, which in turn promote angiogenesis by elevating
VEGFA levels in the tumor microenvironment. In addition to their VEGF-mediated effects, Tregs can also indirectly
influence angiogenesis by regulating the function of other immune cells. D’Alessio et al®' found that Tregs promote
pulmonary angiogenesis by regulating macrophages and their cytokines, and their depletion leads to reduced angiogenesis
and a decrease in macrophage numbers. Another study showed that hyperforin enhances Tregs infiltration in the ischemic
hemisphere, increasing Treg-derived cytokines such as IL-10 and TGF-B in an astrocyte IL-6-dependent manner, thereby
promoting neurovascular regeneration post-stroke.*” In conclusion, these findings support the hypothesis that Tregs may
offer a protective effect on collateral circulation. However, the precise mechanisms require further elucidation.

IL-2, recognized as a growth factor essential for the proliferation of human T cells, plays a pivotal role in facilitating
the differentiation and conversion of naive CD4+ T cells.>> Numerous studies have demonstrated a close association
between IL-2 and Tregs. Post-stroke treatment with IL-2:IL-2 antibody complexes has been shown to elevate Tregs
populations.>* Moreover, additional research indicates that IL-2, beyond its function in the generation of splenic and
peripherally induced Tregs and maintaining the balance of peripherally induced Tregs, is crucial through its activation of
signal transducer and activator of transcription 5 to enhance the suppressive function of Tregs.*> Although IL-2 plays
a critical role in immune regulation by promoting the proliferation and functional enhancement of Tregs, its effects
following ischemic stroke extend beyond immune tolerance. In fact, IL-2 may indirectly enhance the formation of
collateral circulation and angiogenesis by increasing the number and suppressive activity of Tregs, thereby contributing
positively to tissue repair and recovery.

Certainly, existing studies also suggest that IL-2 can promote angiogenesis by activating other immune cells. Previous
research has demonstrated that IL-2-activated NK cells interact with TNF-o-stimulated endothelial cells to stimulate their
proliferation and promote angiogenesis through mechanisms involving 04B7 integrin and killer cell lectin-like receptor
1.%¢ Additionally, IL-2 promotes angiogenesis by activating ROS and Akt signaling pathways, which enhance the
expression of angiogenic factors such as VEGF and PDGF, stimulate tube formation in human umbilical vein endothelial
cells, and its angiogenic effects have been confirmed in animal models.’” In this investigation, a notable positive
association between Tregs and IL-2 levels (r = 0.3849; p < 0.0001) was observed, corroborating the previously
established link between IL-2 and Tregs. Additionally, IL-2 levels were inversely linked to NIHSS scores (r =
—0.1958; p = 0.0319) and 90-day mRS scores (r = —0.2742; p = 0.0028), implying that IL-2 could potentially serve as
a biomarker for predicting functional outcomes and disease severity. Furthermore, IL-2 levels in the peripheral blood of
AIS patients were noted to be diminished in the early stages relative to those in the healthy control group, with PCS
patients exhibiting lower IL-2 levels than GCS patients. Supporting these findings, Nayak et al*® also reported that IL-2
may act as a biomarker for forecasting collateral circulation. However, it remains to be determined whether IL-2
influences collateral circulation through Tregs regulation or other pathways, warranting further investigation in future
research.

Although Tregs represent only a small fraction of peripheral blood T cells and are present at low levels in
ischemic brain tissue, effective strategies for stroke treatment have been developed through the ex vivo expansion
of naturally derived thymus-originated autologous Tregs or by using biological and pharmacological agents to
induce or expand Tregs in vivo. In recent years, novel Tregs genetic engineering techniques®® have been developed
to enhance the functionality, specificity, and delivery efficiency of Tregs. These techniques have shown initial
progress in clinical trials related to transplantation and are expected to provide further support for the treatment of
stroke and other neurological diseases. Moreover, several studies have demonstrated that IL-2 primarily exerts its
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therapeutic effects by increasing the number of Tregs in stroke models. Systemic injection of IL-2/IL-2Ab
complexes has been shown to effectively increase Tregs numbers in blood and lymphoid tissues, reduce infarct
volume, alleviate neuroinflammation, and improve sensory and motor function.*® Additionally, IL-2 gene delivery
targeting astrocytes has been shown to specifically increase brain Tregs, thereby providing effective protection
against inflammatory damage in the brain.*' This discovery offers a potential delivery platform for clinical
applications. Overall, these therapeutic strategies offer diverse treatment options for ischemic stroke and demon-
strate significant potential. However, the efficacy and safety of these approaches require further validation through
additional clinical trials, particularly for their application in stroke treatment. As research progresses and clinical
validation continues, Tregs cell therapies and IL-2 are expected to become key treatment modalities for stroke and
other neurological diseases.

Certain limitations of this investigation must be recognized. First, the single-phase CTA employed here may not be the
most suitable method for the evaluation of collateral circulation. More comprehensive approaches, such as multi-phase
CTA or DSA, could provide more precise assessments. Furthermore, the study was restricted to analyzing peripheral blood
samples due to the difficulty of obtaining Tregs and IL-2 data from the brains of AIS patients. Additionally, since the
collection of blood samples occurred outside the acute reperfusion therapy window for cerebral infarction, it remains
uncertain whether Tregs and IL-2 levels can accurately reflect the status of collateral circulation during this critical
therapeutic period, necessitating further investigation in future research. Lastly, the sample size was limited, further
research with larger sample sizes is needed to explore the relationship between Tregs, IL-2, and collateral circulation.
Additionally, more clinical trials or multi-center studies are required to validate the generalizability of these results.

Conclusion

The results of this investigation demonstrated that reduced levels of Tregs and IL-2 were linked to PCS status before
treatment, indicating a potential relationship between the status of collateral circulation and immune inflammation.
Peripheral blood Tregs and IL-2 concentrations might function as useful prognostic indicators for evaluating collateral
circulation status. In the future, the regulation of Tregs and IL-2 levels could offer promising therapeutic approaches for
enhancing cerebral collateral circulation, and providing new therapeutic targets for acute ischemic stroke.
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