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Abstract

Background: Soluble triggering receptor expressed on myeloid cells 2 (STREM2), which reflects microglia activation,
has been reported closely associated with neuronal injury and neuroinflammation. We aimed to prospectively investi-
gate the associations between plasma sTREM2 and clinical outcomes in acute ischemic stroke (AIS) patients.

Methods: Study participants were from the China Antihypertensive Trial in Acute Ischemic Stroke, plasma sTREM2
levels in the acute phase of AlS were measured in 3285 participants. The study outcomes were death, cardiovascular
events and severe disability at 1 year after AlS. Cox proportional hazards models or logistic regression models were
performed to examine the associations of plasma sTREM2 and clinical outcomes.

Results: After 1-year follow-up, 288 participants (8.8%) experienced cardiovascular events or died. Multivariable-
adjusted hazard ratios or odds ratios (95% confidence intervals) for the highest quartile of STREM2 were 1.57 (1.11-
2.21) for the composite outcome of death and cardiovascular events, 1.68 (1.09-2.60) for death, and 1.53 (1.08-2.18)
for death or severe disability compared to the lowest quartile. Moreover, incorporation STREM2 into traditional risk
factors model significantly improved risk prediction of the composite outcome of death and cardiovascular events as
evidenced by net reclassification index and integrated discrimination improvement (all p values < 0.05). There were
joint effects of sSTREM2 and galectin-3 on death and cardiovascular events. Participants with simultaneous elevation of
STREM2 and galectin-3 levels had the highest risk of the composite outcome of death and cardiovascular events.

Conclusions: Elevated sTREM?2 levels were independently associated with increased risks of death and cardiovascular
events after AlIS.
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Background

Microglia, principal immune cells of the brain, are the

first cells to be activated after stroke and play an essen-

tial role in inflammatory microenvironment of stroke as

they can either accelerate inflammation, enhance neuro-
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function [4]. The soluble form of TREM2 (sTREMZ2)
released by proteolytic cleavage of the cell surface
receptor has been reported as a potential biomarker for
microglia activity and closely associated with neuronal
injury [5, 6]. Both in vivo and in vitro studies suggested
STREM2 involved in neuroinflammatory responses [7].
The current role of sSTREM2 is mainly focused on neu-
rodegenerative diseases including Parkinson’s disease and
Alzheimer’s Disease (AD) [8—12]. Recently, the Hisay-
ama Study suggested that elevated serum sTREM2 levels
were significantly associated with increased risks of the
dementia and its subtypes (AD and vascular dementia)
in a general elderly Japanese population [12]. Previous
experimental evidence based on middle cerebral artery
occlusion mice indicated that TREM2 has crucial effects
on stroke immune response, suggesting TREM2 could
be a promising immunomodulation target in ischemic
stroke [4, 13-16]. However, population-based studies
designed to comprehensively evaluate the prognostic sig-
nificance of sSTREM2 after ischemic stroke are scarce.

Stroke, in which ischemic stroke almost account for
70%, is the leading cause of chronic disability and death
in China [17, 18], and the risk of major vascular events
is high after first stroke [19]. Effective biomarkers which
provide valuable information and enhance clinical care
are clearly needed. To better understand and further
extend current knowledge on the role of plasma sSTREM2
in ischemic stroke pathology, we, therefore, aimed to
prospectively explore the relationship between plasma
STREM2 and stroke outcomes, including death, car-
diovascular events and disability, using data from the
China Antihypertensive Trial in Acute Ischemic Stroke
(CATIS). Furthermore, galectin-3, as one of the key mol-
ecules of regulating microglial activation, was recently
found to stimulate TREM?2 signaling and detrimen-
tally regulated inflammatory response in the context of
AD, which thereby was regarded as a novel endogenous
TREM2 ligand [20]. Intriguingly, our prior research
revealed that higher levels of galectin-3 in the acute
phase of ischemic stroke were associated with greater risk
of mortality and major disability within 3 months [21].
Thus, we also investigated the joint effects of STREM2
and galectin-3 on clinical stroke outcomes.

Methods

Study participants

The study participants were recruited from the CATIS
trial, the design details and main results have been
described previously [22]. In brief, the CATIS trial was
a multicenter, single-blind, blinded end-points rand-
omized clinical trial that was conducted in 26 hospi-
tals across China from August 2009 to May 2013. The
inclusion criteria for CATIS trial were as follows: (1)
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age > 22 years; (2) first-ever ischemic stroke diagnosed
by neurologists using computed tomography or mag-
netic resonance imaging; (3) time from onset to admis-
sion within 48 h; (4) systolic blood pressure (BP) between
140 and 220 mmHg. The exclusion criteria were as fol-
lows: (1) BP >220/120 mmHg; (2) treated with intrave-
nous thrombolytic therapy; (3) severe heart failure, acute
myocardial infarction or unstable angina, atrial fibrilla-
tion, aortic dissection, cerebrovascular stenosis, resistant
hypertension, or in a deep coma. Finally, 4071 patients
with elevated BP were recruited in the CATIS trial. In the
present study, after excluding participants who did not
offer blood samples or whose plasma sTREM2 concen-
trations were failed to determine, a total of 3285 patients
were finally included.

Standard protocol approvals, registrations, and patient
consents

The CATIS protocol was approved by the Institutional
Review Boards or Ethical Committees at Soochow Uni-
versity in China and Tulane University in the US and
participating hospitals, in compliance with the Declara-
tion of Helsinki, and was registered at clinicaltrials.gov
(NCT01840072). All study participants provided written
informed consent.

Data collection

Fasting blood samples were drawn within 24 h of patients’
hospital admission, and were separated at clinical labo-
ratories of each participating hospitals and immediately
frozen at —80 °C. sSTREM2, galectin-3 and high-sensitiv-
ity C-reactive protein (hsCRP) were measured centrally
at Soochow University using commercially available
immunoassays (R&D Systems, Minneapolis, Minnesota).
The intra-assay and inter-assay coefficients of variations
for all biomarkers were below 3.6% and 6.9%, respec-
tively. Laboratory technicians who performed meas-
urements were blinded to baseline characteristics and
clinical outcomes.

Baseline information about demographic character-
istics, clinical features, medical history, and medication
use history were obtained at admission using a stand-
ard questionnaire by trained interviewers. Serum lipids,
plasma glucose, and other clinical laboratory measure-
ments were performed on fresh blood samples at each
participating hospital at admission. BP was measured
at admission by trained nurses according to a standard
protocol adapted from procedures recommended by the
American Heart Association [23]. The stroke severity was
evaluated by trained neurologists with National Institutes
of Health Stroke Scale (NIHSS) at admission [24].
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Study outcomes

Patients were followed up in person at 1 year by trained
neurologists unaware of baseline characteristics and
treatment assignment. The primary study outcome was
a combination of death and cardiovascular events (e.g.,
vascular deaths, nonfatal stroke, nonfatal myocardial
infarction, hospitalized and treated angina, hospitalized
and treated congestive heart failure, and hospitalized and
treated peripheral arterial disease). The secondary out-
comes included death, cardiovascular events, and severe
disability (modified Rankin Scale [mRS] score 4-6).
Score of the mRS was ranged from 0 to 6, with a score
of 0 indicating no symptom and a score of 6 indicating
death. Death certificates were obtained for deceased
participants, and hospital data were abstracted for all
cardiovascular events. The study outcomes assessment
committee, unaware of treatment assignment, reviewed
and confirmed subsequent outcomes based on the crite-
ria established in the Antihypertensive and Lipid-Lower-
ing Treatment to Prevent Heart Attack Trial.

Statistical analysis

All study participants were classified according to quar-
tiles of plasma sSTREM2 levels. Continuous variables were
described by means with SD or median with interquartile
range depended on their distribution, and the generalized
linear regression analysis was conducted to test for trend
across the quartiles of plasma sTREM2 levels. Categori-
cal variables were presented as frequency with percentile,
and the Cochran—Armitage trend x* test was conducted
to assess for trend across the quartiles.

The cumulative incidences of study outcomes across
the sSTREM2 quartiles were estimated on the basis of
Kaplan—Meier curves and compared by log-rank tests.
Cox proportional hazards regression models and logistic
regression models were used to estimate the relationships
between plasma STREM2 and study outcomes, by calcu-
lating hazard ratios (HRs), odds ratios (ORs) and corre-
sponding 95% confidence intervals (Cls). We conducted
2 different models: (1) model 1 was a univariable model;
(2) model 2, a multivariable model, was adjusted for age,
sex, current smoking, alcohol drinking, time from onset
to randomization, admission NIHSS score, systolic BP,
hsCRP, medical history (hypertension, hyperlipidemia,
coronary heart disease and diabetes mellitus), medication
use history (antihypertensive and lipid-lowering medica-
tions), family history of stroke, ischemic stroke subtype
and randomized treatment. Tests for linear trends in HR/
OR across the STREM2 quartiles were conducted with
the median within each quartile used as the predictor.
The proportional hazards assumptions for the Cox model
was tested using Schoenfeld residuals and found no
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violations. Stratified analyses were carried out to exam-
ine whether the associations of plasma sSTREM2 with the
primary study outcome differed according to age (<60
or > 60 years), sex, current smoking (yes or no), alcohol
drinking (yes or no), admission NIHSS score (<5 or >5),
baseline hsCRP (<1 or > 1 mg/L), history of hypertension
(yes or no) and receiving immediate BP reduction (yes
or no). The interaction between STREM2 and interested
covariates on the primary outcome was tested by the
likelihood ratio test of models with multiplicative inter-
action terms.

In addition, we test the performance of models with
STREM2 to predict the risk of death and cardiovascu-
lar events. First, continuous net reclassification index
(NRI) and integrated discrimination improvement (IDI)
were used to evaluate the incremental predictive value of
STREM2 beyond conventional risk factors. Second, likeli-
hood ratio tests were performed to evaluate whether the
global model fit improved after the addition of STREM2
levels, and the Hosmer Lemeshow X statistic were used
to evaluate the calibration of models. We further exam-
ined the joint effects of STREM2 and galectin-3 on the
risk of study outcomes. Multiple imputation for missing
covariate values was performed using the Markov chain
Monte Carlo method. All p values were 2-tailed, and p
values < 0.05 was considered to be statistically significant.
Statistical analysis was conducted using SAS statistical
software (version 9.4; SAS Institute, Cary, NC).

Results

Baseline characteristics

A total of 3285 patients (2098 men and 1187 women)
were included in this study, and the median age was
62.0 years (interquartile range 55.0-70.0 years). The
median plasma STREM2 concentration was 401.27 pg/
mL (interquartile range 247.45-651.60 pg/mL). Com-
pared to patients with lower plasma STREM2 levels,
those with higher sSTREM2 were more likely to be older
and female; have higher admission NIHSS score, galec-
tin-3, total cholesterol, low-density lipoprotein and high-
density lipoprotein cholesterol; have higher prevalence of
embolic stroke, history of coronary heart disease, history
of antihypertensive and lipid-lowering medications use;
have lower baseline diastolic BP; have lower prevalence
of cigarette smoking, alcohol drinking and family history
of stroke (Table 1).

Plasma sTREM2 levels and clinical outcomes

After 1 year of follow-up, there were 288 participants
(8.8%) experienced the composite outcome of cardio-
vascular events and death, including 186 (5.7%) deaths
and 180 (5.5%) cardiovascular events. Kaplan—Meier
curves showed that participants in the highest quartile of
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Table 1 Characteristics of participants according to quartiles of plasma sTREM2
Characteristics sTREM2, pg/mL p trend
<247.45 247.45-401.27 401.27-651.60 >651.60
No. of patients 822 820 822 821
Demographic features
Age,y 57.0 (50.0-64.0) 60.0 (53.0-68.0) 62.0 (56.0-71.0) 68.0 (59.0-74.0) <0.001
Male sex, n (%) 613 (74.6) 551(67.2) 491 (59.7) 443 (54.0) <0.001
Current cigarette smoking, n (%) 354 (43.1) 310(37.8) 289 (35.2) 253 (30.8) <0.001
Current alcohol drinking, n (%) 302 (36.7) 288 (35.1) 227 (27.6) 192 (23.4) <0.001
Clinical features
Time from onset to randomization, h 10.0 (5.00-24.0) 12.0 (5.0-24.0) 10.0 (4.0-24.0) 10.0 (4.0-24.0) 0.12
Admission systolic B mm Hg 161.3(152.0-178.7) 163.3(152.0-178.7) 161.3(152.0-176.0) 162.0 (152.0-178.7) 0.63
Admission diastolic BP, mm Hg 98.7 (90.0-101.3) 98.7 (90.0-101.3) 98.7 (90.0-100.7) 94.7 (88.7-100.0) <0.001
Triglyceride, mmol/L 1.4 (1.0-2.0) 1.6(1.0-2.3) 1.5(1.0-2.3) 1.5(1.0-2.2) 0.78
Total cholesterol, mmol/L 8 (4.2-5.5) 0(4.3-5.7) 1(43-5.7) 1(44-5.8) <0.001
LDL-cholesterol, mmol/L 8(2.2-34) 9(2.3-3.5) 9(2.3-3.5) 9(23-3.6) 0.009
HDL-cholesterol, mmol/L 1.2(1.0-1.5) 1.2(1.0-1.5) 1.2(1.0-1.5) 3(1.0-1.6) <0.001
Fasting plasma glucose, mmol/L 58(5.1-7.2) 58(5.1-74) 8(5.2-7.2) (5 0-7.1) 0.68
Admission NIHSS score 0(2.0-8.0) 0(2.0-7.0) 0(3.0-7.0) 0 (3.0-8.0) 0.01
High-sensitivity C-reactive protein, mg/L 7 (0.6-4.1) 8(0.8-4.9) 9(0.7-4.5) 3(0.8-5.5) 0.38
Medical history, n (%)
Hypertension 658 (80.0) 648 (79.0) 643 (78.2) 633 (77.1) 0.13
Hyperlipidemia 44 (54) 65 (7.9) 65 (7.9) 63(7.7) 0.09
Diabetes mellitus 140 (17.0) 158 (19.3) 148 (18.0) 136 (16.6) 0.66
Coronary heart disease 58(7.1) 66 (8.0) 97 (11.8) 117 (14.3) <0.001
Family history of stroke, n (%) 185 (22.5) 163 (19.9) 135 (16.4) 132 (16.1) <0.001
Medication use history, n (%)
Antihypertensive medications 372 (45.3) 408 (49.8) 403 (49.0) 431 (52.5) 0.007
Lipid-lowering medications 172.0) 29 (3.5) 34(4.1) 32 (3.9 0.03
Ischemic stroke subtype, n (%)
Thrombotic 644 (78.4) 648 (79.0) 628 (76.4) 599 (73.0) 0.004
Embolic 18(2.2) 38 (4.6) 35(4.3) 65 (7.9) <0.001
Lacunar 160 (19.5) 134 (16.3) 59(19.3) 57(19.1) 0.75
Randomized treatment, n (%) 404 (49.1) 420 (51.2) 400 (48.7) 423 (51.5) 0.56
Galectin-3, ng/ml 7.5(52-10.1) 85(59-11.3) 8.6 (6.3-11.8) 9.8 (6.5-13.9) <0.001

STREM2 soluble triggering receptor expressed on myeloid cells 2, BP blood pressure, LDL low-density lipoprotein, HDL high-density lipoprotein, NIHSS NIH Stroke Scale

" Continuous variables are expressed as mean = SD or median (interquartile range). Categorical variables are expressed as frequency (%)

STREM2 had significantly higher cumulative incidence
rates of the composite outcome of death and cardiovas-
cular events, and death (both log-rank p value<0.001)
(Fig. 1). Compared with the lowest quartile, the multivar-
iable-adjusted HR or OR (95% CI) for the highest quartile
of STREM2 was 1.57 (1.11-2.21) for the primary outcome,
1.68 (1.09-2.60) for death, 1.53 (1.08-2.18) for the com-
posite outcome of death and severe disability (Table 2).
From these data, a threshold effect at the level of the
highest quartile was observed. Thus, we created a binary
variable (Q4 versus Q1-Q3) for the following subgroup
analyses. We found that higher plasma sSTREM?2 levels

were significantly associated with primary outcome in
most strata of aforementioned covariates (age, sex, cur-
rent smoking, alcohol drinking, admission NIHSS score,
hsCRP, history of hypertension, and receiving immediate
BP reduction). Furthermore, these covariates did not sig-
nificantly modify the effect of STREM2 on the risk of pri-
mary outcome (all p for interaction > 0.05; Fig. 2).

Incremental prognostic value of sSTREM2

We examined whether adding plasma sTREM2 to con-
ventional risk factors improved the risk prediction for
the composite outcome of death and cardiovascular
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A. Death and cardiovascular events B. Death C. Cardiovascular events
159 159 159 = QI (<24745)
S — Q2(247.45-401.27)
§ — Q3 (401.27-651.60)
é 10 10 1o — Q4(=651.60)
£
2
g 5 5+ 5
O Log-rank p <0.001 Log-rank p <0.001 Log-rank p = 0.24
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Follow-up (days) Follow-up (days) Follow-up (days)
Fig. 1 Kaplan-Meier survival curves. A Composite outcome of death and cardiovascular events, B Death, C Cardiovascular events. Q1:
STREM2 < 247.45 pg/ml; Q2: 247.45 <STREM2 <401.27 pg/mL; Q3:401.27 < sTREM2 <651.60 pg/mL; Q4: STREM2 > 651.60 pg/mL
Table 2 Risk of clinical outcomes according to quartiles of STREM2 in the acute phase of ischemic stroke
STREM2, pg/mL p trend
<247.45 247.45-401.27 401.27-651.60 >651.60
Median (pg/mL) 17216 323.62 503.15 901.40
The primary outcome: death or cardiovascular events
No. of cases (%) 56 (6.8) 63 (7.7) 66 (8.0) 103 (12.6) <0.001
Unadjusted HR 1.00 1.13(0.79-1.61) 1.19(0.83-1.70) 1.93 (1.40-2.68) <0.001
Multiple-adjusted HR" 1.00 1.01 (0.70-1.46) 1.01 (0.70-1.45) 1.57 (1.11-2.21) 0.002
Death
No. of cases (%) 32(3.9) 31(38) 45 (5.5) 78 (9.5) <0.001
Unadjusted HR 1.00 0.97 (0.59-1.59) 1.43(0.91-2.24) 2.56 (1.69-3.86) <0.001
Multiple-adjusted HR * 1.00 0.76 (0.46-1.25) 1.06 (0.67-1.69) 1.68 (1.09-2.60) <0.001
Cardiovascular events
No. of cases (%) 39 (4.7) 47 (5.7) 40 (4.9) 54 (6.6) 0.19
Unadjusted HR 1.00 1.21(0.79-1.85) 1.04 (0.67-1.61) 146 (0.97-2.21) 0.09
Multiple-adjusted HR ’ 1.00 1.14(0.74-1.75) 0.97 (0.62-1.52) 1.36 (0.88-2.10) 0.17
Death or severe disability
No. of cases (%) 76 (94) 97 (12.1) 103 (13.0) 145 (18.6) <0.001
Unadjusted OR 1.00 1.32(0.96-1.81) 143 (1.05-1.96) 2.19(1.63-2.95) <0.001
Multiple-adjusted OR 1.00 1.14 (0.80-1.64) 1.09 (0.76-1.56) 1.53(1.08-2.18) 0.01
Severe disability
No. of cases (%) 44.(5.7) 66 (8.5) 58 (7.8) 67 (9.5) 0.01
Unadjusted OR 1.00 1.55 (1.04-2.30) 1.40 (0.93-2.09) 1.75(1.18-2.59) 0.02
Multiple-adjusted OR* 1.00 1.39(0.90-2.15) 1.10(0.71-1.72) 1.40 (0.90-2.19) 0.29

STREM2 soluble triggering receptor expressed on myeloid cells 2, HR hazard ratio, OR odds ratio

" Adjusted for age, sex, current smoking, alcohol drinking, time from onset to randomization, admission NIHSS score, systolic blood pressure, high-sensitivity
C-reactive protein, history of hypertension, hyperlipidemia, coronary heart disease, and diabetes mellitus, use of antihypertensive and lipid-lowering medications,

family history of stroke, stroke subtype and randomized treatment

events in patients with acute ischemic stroke (Table 3).
Incorporation STREM2 into the age and NIHSS score
model significantly improved the risk stratification, as
evidenced by NRI statistic (category-free NRI 19.4%,
95% CI 7.8% to 30.9%, p=0.002) and IDI statistic
(IDI 0.3%, 95% CI 0.1% to 0.6%, p=0.009). Moreo-
ver, the likelihood ratio test showed that model fit was

significantly improved, and the Hosmer Lemeshow test
showed an adequate model calibration after the addi-
tion of STREM2. Similarly, the significant improvement
of predictive value was observed when adding sSTREM2
to a basic model constructed with age, sex, NIHSS
score, hsCRP, medical history, medication use history
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Subgroup No. of patients Q1-Q3 Q4 HR (95% CI) P for homogeneity
Stroke onset age, y 0.92
<60 1377 62(53) 17(8.1) = 1.68 (0.97-2.92)

>60 1908 123(9.5) 86(14.1) L 1.60 (1.21-2.13)

Sex 0.47
Male 2098 120 (7.3) 59(13.3) ] 1.62(1.17-2.24)

Female 1187 65(8.0) 44(11.6) . 1.44 (0.96-2.16)

Current cigarette smoking 0.82
Yes 1206 61 (6.4) 24(9.5) L] 1.52 (0.93-2.50)

No 2079 124 (8.2) 79(13.9) - 1.58 (1.17-2.11)

Current alcohol drinking 0.61
Yes 1009 47(5.8) 16(8.3) L 1.57 (0.88-2.83)

No 2276 138 (8.4) 87(13.8) L 1.59(1.20-2.10)

Admission NIHSS score 0.35
<5 1649 67(5.3) 28(7.4) - 1.26 (0.80-2.01)

=5 1636 118(9.9) 75(17.1) L] 1.50(1.11-2.03)

hsCRP, mg/L. 0.21
<1 1070 48(5.8) 19(7.8) - 1.10 (0.62-1.96)

>1 2215 137(8.4) 84(14.5) - 1.68 (1.27-2.24)

History of hypertension 0.43
Yes 2582 148 (7.6) 85(13.4) - 1.64 (1.24-2.17)

No 703 37(7.2) 18(9.6) L] 1.23 (0.67-2.24)

Randomized treatment 0.39
Yes 1638 92(7.4) 54(13.6) L 1.77 (1.24-2.53)

No 1647 93(7.6) 49(11.6) - 1.42 (0.99-2.05)

I T T 1
0 1 2 3

Fig. 2 Subgroup analyses of the association between plasma sTREM2 and the primary outcome. The values below Q1-Q3 and Q4 were patients
experiencing death or cardiovascular events, n (%). Hazards ratios (HRs) were calculated for higher plasma sTREM2 levels (> 651.60 pg/mL) after
adjustment for the same variables as model 2 in Table 2, except for the stratified variable. Cl indicates confidence interval; NIHSS indicates National
Institutes of Health Stroke Scale; and hsCRP indicates high-sensitivity C-reactive protein

Table 3 Performance of models with STREM2 " to predict the primary outcome in patients with acute ischemic stroke

NRI (Category free) IDI Likelihood ratio Calibration
test, p value statistic
Estimate (95% Cl), % p value Estimate (95% Cl), % p value x2 p value
Age + NIHSS score Reference - Reference - Reference 2330  0.003
Age + NIHSS score + STREM2 : 19.4 (7.8 t0 30.9) 0.002 0.3(0.1t00.6) 0.009 <0.001 941 0.309
Basic model Reference Reference Reference 9.29 0318
Basic model 4 sTREM2 * 19.2 (7.6 t0 30.8) 0.002 04(0.1t00.7) 0.006 <0.001 6.28 0616

STREM2 soluble triggering receptor expressed on myeloid cells 2, NIHSS National Institute of Health Stroke Scale, NRI net reclassification index, IDI integrated
discrimination improvement
" Quartile Basic model included age, sex, time from onset to randomization, current smoking, alcohol drinking, admission NIHSS score, systolic blood pressure, high-

sensitivity C-reactive protein, medical history (hypertension, hyperlipidemia, coronary heart disease and diabetes mellitus), medication use history (antihypertensive
and lipid-lowering medications), family history of stroke, ischemic stroke subtype and randomized treatment
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Table 4 Joint effects of STREM2 and galectin-3 on the risk of study outcomes after acute ischemic stroke

Higher Higher Events, HR or OR
STREM2' galectin-3" No (%) (95% CI)

The primary outcome: death or cardiovascular events

- - 107 (6.4) Reference n

- + 44 (10.0) 1.25 (0.87-1.79) ——

+ - 45 (10.2) 1.49 (1.04-2.14) —a—

+ + 46 (17.8) 2.23 (1.55-3.22) —a—
Death

- - 57(3.4) Reference |

- + 31 (7.0) 1.36 (0.87-2.14) -

+ - 32(7.2) 1.73 (1.10-2.71) ——

+ + 38 (14.7) 2.72 (1.76-4.20) ——
Cardiovascular events

- - 77 (4.6) Reference n

- + 28 (6.3) 1.23 (0.79-1.92) —

+ - 24 (54) 1.24 (0.77-1.98) — .

+ + 2509.7) 2.05 (1.27-3.30) ——
Death or severe disability

- - 163 (10.0) Reference n

- + 66 (15.4) 1.12 (0.79-1.60) B —

+ - 69 (16.4) 1.48 (1.04-2.10) N

+ + 56 (22.5) 1.62 (1.09-2.41) S
Severe disability

- - 106 (6.7) Reference [ ]
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Analyses based on a sample restricted to individuals with both sSTREM2 and galectin-3 values (n =2808)

STREM_2 soluble triggering receptor expressed on myeloid cells 2, HR hazard ratio, OR odds ratio, Cl confidence interval

T STREM2 and galectin-3 were classified into two categories (high versus low) based on the 75th percentile

HR or OR was adjusted for age, sex, current smoking, alcohol drinking, time from onset to randomization, admission NIHSS score, systolic blood pressure, high-
sensitivity C-reactive protein, history of hypertension, hyperlipidemia, coronary heart disease, and diabetes mellitus, use of antihypertensive and lipid-lowering

medications, family history of stroke, stroke subtype and randomized treatment
and other important prognostic factors (category-free
NRI 19.2%, p =0.002; IDI 0.4%, p = 0.006).

Joint effect of sSTREM2 and galectin-3

Table 4 shows the joint effects of STREM2 and galec-
tin-3 on the study outcomes. Patients with both higher
STREM2 and galectin-3 levels had the highest incidence

of all study outcomes, except severe disability. In the
multivariable model, patients with higher levels of both
STREM2 and galectin-3 had a 2.23-fold risk of the com-
posite outcome of death and cardiovascular events (HR
2.23; 95% CI 1.55-3.22) compared to patients with lower
STREM2 and galectin-3 levels. Similarly, the joint asso-
ciations were also observed for death (HR 2.72; 95% CI
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1.76-4.20), cardiovascular events (HR 2.05; 95% CI 1.27—
3.30), and the composite outcome of death and severe
disability (OR 1.62; 95% CI 1.09-2.41). There were no
statistically significant interactions between sSTREM2 and
galectin-3 on study outcomes (all p for interaction > 0.05).

Discussion

In this large, multicenter, prospective cohort of acute
ischemic stroke patients, we demonstrated that higher
STREM2 levels were associated with greater risk of the
composite outcome of death and cardiovascular events.
The significant associations remained even after the
adjustment for age, stroke severity, medical history,
ischemic stroke subtype, inflammatory biomarker and
several other potential confounding factors. In addition,
after incorporating sSTREM2 into the model with vali-
dated prognostic factors, including age and NIHSS score,
the risk reclassification ability was significantly improved
as suggested by NRI and IDI statistic. Moreover, we
observed cumulative effects of STREM2 and galectin-3
on stroke outcomes, patients with simultaneous eleva-
tions of sSTREM2 and galectin-3 levels had substantially
increased risk of death, cardiovascular events, as well as
the composite outcome of death and severe disability.
These findings indicated that plasma sTREM2 could be
a potential predictor of clinical outcomes in patients with
ischemic stroke.

Emerging population-based studies had found sig-
nificant associations of sSTREM2 and neurodegenerative
diseases, such as Parkinson’s disease, AD and dementia
[8—12]. Cross-sectional studies indicated that STREM2
levels in the cerebrospinal fluid were significantly
higher in the preclinical, mild cognitive impairment,
and dementia stage of AD [10, 11]. Recently, the Hisay-
ama Study reported that higher sSTREM2 levels were
significantly associated with increased risks of 10-year
all-cause dementia, AD and vascular dementia in 1349
elderly Japanese, and suggesting circulating sTREM2
could be a possible biomarker for estimating the risk of
dementia [12]. Interestingly, a gene-based study identi-
fied four genes, which included TREM2, shared by AD
and ischemic stroke, implying TREM2-relevant immune
signaling is one of the common pathogenesis underly-
ing AD and ischemic stroke [25]. Given that STREM2 is
implicated in AD pathobiology and has been proposed as
a candidate biomarker for AD, it is a reasonable hypoth-
esis that circulating sSTREM2 may provide novel insight
in the prognostication of ischemic stroke.

Experimental evidence showed that TREM2 expression
is remarkably upregulated and is involved in ischemic
brain damage by modulating microglial phenotypes. For
example, in peri-infarcted rat brains, TREM2 expres-
sion changes nearly fourfold compared to controls [25].
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In addition, Sieber et al. also reported a greatly increased
transcription of TREM2 in middle cerebral artery occlu-
sion mouse stroke models. Moreover, an attenuated
pro-inflammatory cytokines and chemokine expression,
accompanied by decreased microglial activation were
observed in TREM2-knockout mice in the sub-acute
phase (7d reperfusion) after stroke, and they, therefore,
suggested that TREM2 might sustain a distinct inflam-
matory response after stroke [16]. However, very limited
population-based research on the association of sSTREM?2
and ischemic stroke has been conducted. Prior epide-
miological studies indicated that circulating sTREM2
levels were significantly associated with several ischemic
stroke risk factors, including insulin resistance, glyco-
sylated hemoglobin Alc, and total cholesterol [26, 27].
Kwon et al. analyzed the data of 43 consecutive patients
with non-cardioembolic ischemic stroke and found that
early increment of plasma sTREM2 was more com-
mon in patients with poor outcome, and was associated
with 3-month poor functional outcome (mRS score > 3)
[28]. Of note, this study had small sample size and was
not fully adjusted for potential confounders, such as
age, medical and medicine history, and ischemic stroke
substyle. In contrast, the present prospective study was
based on a relatively larger sample from the CATIS trial,
which was characterized by standardized protocols and
rigid quality control procedures for data collection and
outcome assessment, enabling us to make a more con-
vincing evaluation of plasma sTREM2 with compre-
hensive stroke outcomes. We found that higher plasma
STREM2 in acute ischemic stroke was significantly asso-
ciated with poor stroke outcomes and offered additional
prognostic significance beyond conventional risk factors.

Galectin-3 was involved in apoptosis, cell prolifera-
tion, macrophage chemotaxis, phagocytosis, and neutro-
phil extravasation, and galectin-3 inhibition decreased
pro-inflammatory cytokine expression [29, 30]. In addi-
tion, plasma galectin-3 concentrations were increased in
patients with carotid atherosclerosis, and were indepen-
dently associated with increased risk of cardiovascular
mortality in patients with peripheral artery disease [31].
Our previous study reported that elevated galectin-3
levels were associated with increased risk of death and
major disability at 3 months after ischemic stroke onset
[21]. Furthermore, single-cell transcriptomic analyses of
microglia under different neurodegenerative conditions
indicated that galectin-3 was one of the most upregulated
genes in TREM2-dependent processes [32, 33]. Interest-
ingly, we observed joint effects of STREM2 and galectin-3
on the risk of study outcomes, with patients with both
higher sSTREM2 levels and higher galectin-3 levels hav-
ing more than twofold risk of the death or cardiovascular
events.
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Our study provided epidemiological evidence support-
ing a potential role of sSTREM2-relevant immune signal-
ing in the progression of ischemic stroke. These findings
extended our knowledge of ischemic stroke pathophysi-
ologic mechanisms and refined risk prediction after
ischemic stroke, and had important clinical implications.

Several biological mechanisms may be responsible for
these observed relationships. First, STREM2 in the cer-
ebrospinal fluid had been reported as a biomarker of
microglial activation, and closely correlated with mark-
ers of neuronal injury and tau pathology, including neu-
rofilament light chain, total tau and phospho-tau,g;p [5,
6]. Higher sSTREM2 may reflect the neuroinflammation
caused by microglial activation and further contribute to
brain vascular injury. In addition, previous experimen-
tal studies suggested a neuroprotective role of TREM2
activation or up-regulation after cerebral ischemia/
reperfusion injury [4, 13-15], while STREM2 might
inhibit the beneficial function of TREM2 through act-
ing as a decoy receptor and competitively binding the
ligands of TREM2 [7, 34]. Our findings about the joint
effects of STREM2 and galectin-3 (endogenous TREM2
ligand) on the death and cardiovascular events are con-
sistent with this hypothesis. Furthermore, sSTREM2 was
also found to be involved in the inflammatory responses
[7]. Population-based studies indicated that circulating
STREM2 levels were positively associated with inflamma-
tory markers, such as hsCRP [26, 27]. It might be plau-
sible that elevated STREM2, which derived from adipose
tissue and monocytes [35], increased the risk of stroke
clinical outcomes through systemic inflammation. How-
ever, in the present study, these significant associations of
STREM2 and study outcomes remained after adjustment
for hsCRP. Further experimental and human studies are
needed to clarify the potential biological mechanisms
underlying the sSTREM2-stroke outcomes relationships.

However, some limitations needed to be interpreted.
First, the present study was based on CATIS trial, in
which excluded patients with BP>220/120 mmHg or
treatment with intravenous thrombolytic therapy, a
selection bias may be unavoidable. However, the propor-
tion of patients with blood pressure >220/120 mmHg or
with intravenous thrombolytic therapy is low in China.
Second, prior study had reported the temporal dynam-
ics of STREM2 expression [28]. However, in the present
study, plasma sSTREM2 levels were only measured once in
the acute phase of ischemic stroke, which limited us to
examine its dynamic changes over time and the effect on
clinical stroke outcomes. Future studies conducted to test
the prognostic role of STREM2 at different stages after
stroke are warranted. Third, this study is observational,
the residual confounding may still exist despite a multiple
of covariates had been adjusted, and future clinical trials
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are necessary to validate whether the observed associa-
tion is causal.

Conclusions

In summary, higher plasma sTREM2 concentrations in
the acute phase of ischemic stroke were associated with
greater risk of death and cardiovascular events. Further-
more, elevations of both STREM2 and galectin-3 contrib-
uted appreciably to death and cardiovascular events.
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