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Abstract

Introduction: More than 50% of large vessel occlusion (LVO) acute ischemic stroke (AIS) patients treated with
endovascular therapy (EVT) remain severely disabled at 3 months. We hypothesized that acute astrocytic inflammatory
response may play a pivotal role in post-AlS brain changes associated with poor functional outcome. We proposed to
evaluate the level of YKL-40, a glycoprotein mainly released by reactive astrocytes.

Patients and methods: A monocentric prospective cohort study was conducted on consecutive LVO AIS patients
treated with EVT. Three blood samples (before, within | and 24-hour post-EVT) were collected to measure plasma YKL-
40 concentrations. Functional outcome was assessed according to the modified Rankin Scale (mRS) score at 3 months.

Results: Between 2016 and 2020, 120 patients were included. The plasma concentration of YKL-40 before EVT was
statistically and independently associated with 3-month worse functional outcome (adjusted cOR, 1.59; 95% CI [1.05—
2.44], p=0.027) but not the two following samples |-hour and 24-hour post-EVT. Accordingly, we found that excellent
functional outcome was associated with a lower level of YKL-40 before and within | h after EVT (p=0.005 and p=0.003,
respectively) but not when measured 24 h after EVT (p=0.2).

Discussion and conclusion: This study suggests that the astrocytic reaction to acute brain hypoxia, especially before
recanalization, is associated with worse functional outcome. Such early biomarker of the astrocytic response in AlS may
optimize individualized care in the future.

Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT02900833.

Keywords
Astrocytic reaction, inflammation, ischemic stroke, endovascular therapy

Date received: 16 January 2024; accepted: 22 April 2024

'Cognitive Neurology Center, GHU APHP Nord, Hopital Lariboisiére-Fernand Widal, Université Paris Cité, Paris, France

2Optimisation Thérapeutique en Neuropsychopharmacologie, Université Paris Cité, Ul 144 Institut National de la Santé et de la Recherche Médicale
(INSERM), Paris, France

3Stroke-Link F-CRIN Research Network, Lille, France

“Biological Resource Center and Department of Interventional Neuroradiology, Rothschild Foundation Hospital, Paris, France

5FHU NeuroVasc, Paris, France

®Department of Neurology, GHU APHP NORD, Hépital Lariboisiére, Paris, France

’CHU Lille, Department of Biostatistics, Lille, France

*NEUTROSTROKE study investigators: Michel Piotin, mpiotin@for.paris; Raphael Blanc, rblanc@for.paris; Hocine Redjem, hredjem@for.paris;
Stanislas Smajda, ssmajda@for.paris; William Boisseau, wboisseau@for.paris; Simon Escalard, sescalard@for.paris; Amira Alraisi, aalraisi@for-.

paris; Perrine Boursin, pboursin@for.paris; Nahida Brikci Nigassa, nbrikci-nigassa@for-.paris; Julien Fournier, jfournier@for.paris; Amelie Yavchitz,
ayavchitz@for.paris; Chloe Le Cossec, clecossec@for.paris; Candice Sabben, csabben@for.paris; Michael Obadia, mobadia@for.paris; Pierre Seners,
pseners@for.paris; Erwan Robichon, erobichon@for.paris; Benjamin Maier, bmaier@for.paris; Fatima Zemali, fatima.zemali@inserm.fr; Benoit
Ho-Tin-Noé, benoit.ho-tin-noe@inserm.fr; Mialitiana Solo Nomen Janahary, mialitiana.solonomenjanahary@gmail.com; Véronique Ollivier INSERM,
veronique.ollivier@inserm.fr.

Corresponding author:
Jean-Philippe Desilles, INSERM U1 144, Optimisation Thérapeutique en Neuropsychopharmacologie, Paris, France.
Email: jpdesilles@for.paris


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/eso
http://www.clinicaltrials.gov

Boutelier et al.

953

Introduction

Endovascular therapy (EVT) has revolutionized the treat-
ment of acute ischemic stroke (AIS) due to large vessel
occlusion (LVO) with better functional outcomes (FO), yet
despite high rate of successful recanalization, more than
50% of EVT-treated AIS patients remain severely disabled
at 3months.! One explanation for this discrepancy may be
the occurrence of ischemia-induced brain response (often
referred to as “neuroinflammation”), including astrocytic
and microglial reaction triggering the production of several
proinflammatory signal molecules, which participate in the
immune system activation leading to brain damage.” The
glycoprotein YKL-40, a 40kDa plasma protein with three
N-terminal amino acids being Y (tyrosine), K (lysine), and
L (leucine), is predominantly secreted, in the brain, by reac-
tive astrocytes® and was previously found to be elevated in
AIS patients.* Whether dynamic changes in the astrocytic
reaction occur in EVT-treated AIS patients remains
unknown, and so does the potential relationship of this phe-
nomenon to functional outcome in these patients. In the
present study, using YKL-40 plasma levels, we investigated
the longitudinal evolution of the astrocytic inflammatory
response in EVT-treated patients for AIS and its relation-
ship with functional outcome.

Patients and methods

Patient information was collected prospectively using a
standardized questionnaire (Endovascular Treatment in
Ischemic Stroke registry). Patients or their legal surrogate
provided informed consent for study participation. The
local ethics committee approved this research protocol
(CPP Ile de France VII, ID-RCB number: 2015-A01856-
43). Clinical Trial Registration-URL: http://www.clinical-
trials.gov. Unique identifier: NCT02900833.

Patient data collection

All consecutive patients with AIS due to LVO treated by
EVT at the Rothschild foundation hospital between April
2016 and April 2020, and for whom all three blood samples
were available were included in this study (Figure 1).
Patients’ clinical, radiological, biological and treatment
characteristics were collected prospectively. Functional
outcome was assessed by neurologists with the modified
Rankin Scale (mRS) at 3 months, during face-to-face inter-
views or via telephone conversations with the patients or
their relatives.

Plasma collection and YKL-40 quantification

Blood was collected in EDTA (BD Vacutainer 4ml, K3E
7.2mg) from the femoral artery for the first two samplings
(at the beginning of EVT and within 1h after EVT), and

203 patients included in NeutroStroke
Presenting with AIS due to LVO

‘ 24 had < 3 blood samples

%

‘ 179 screened

54 had too small samples for assay | —

120 patients included

Figure |. Flow-chart of patients included in the study.

from a venous brachial puncture at 24-hour post-EVT.
Plasma was collected after two centrifugations (10min
X2000g at 20°C and 15min X2500¢g at 20°C) within
15min after blood withdrawal and immediately frozen at
—80°C for further analysis. YKL-40 was quantified using a
commercial ELISA kit (R&D systems, DY2599).

Clinical outcome definitions

Excellent outcome and favorable outcomes were defined as
a mRS score between 0 and 1 and between 0 and 2, respec-
tively, or equal to pre-stroke mRS. Unfavorable outcome
was defined as a mRS score > 1 and different to pre-stroke
mRS when compared to excellent, or a mRS score >2 and
different to pre-stroke mRS when compared to favorable
outcome.

Statistical analysis

Categorical variables were expressed as frequencies and
percentages. Quantitative variables were expressed as mean
(standard deviation, SD), or median (interquartile range,
IQR) for non-normal distribution. Normality of distribu-
tions was assessed graphically and by using the Shapiro-
Wilk test.

Comparison of YKL-40 at three times (before EVT,
within 1h after EVT and 24 h after EVT) was performed
using a linear mixed regression model with subject as ran-
dom effect to take into account the repeated measure by
patient.

Associations of YKL-40 assessed at three times with
functional outcomes were investigated by using ordinal
logistic regression models for shift 3-month mRS score
after combined 5 and 6 together and by using logistic
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regression models for binary outcomes (favorable and
excellent FO) after examined the log-linearity assumption.
We assessed the shape of associations (log-linearity
assumption) by using restricted cubic spline functions and
the proportional odds assumptions by using score Chi-
Square test and we found no deviation. Logistic regression
models were further adjusted on pre-specified covariates
(age, admission NIHSS, and intravenous thrombolysis
(IVT)). Finally, we assessed the heterogeneity in associa-
tions of YKL-40 with favorable and excellent outcomes,
according to IVT status by including the corresponding
interaction term into the multivariable logistic or ordinal
logistic regression models (adjusted on age and admission
NIHSS score). Using an increase of 1 SD in YKL-40 (cal-
culated among overall study population), we derived from
logistic regression models, odds ratio (ORs) or common
ORs (cORs) for I-point mRS worsening as effect size
measures, with their 95% confidence intervals (CIs).

Statistical testing was done at the two-tailed a level of
0.05. Data were analyzed using the SAS software package,
release 9.4 (SAS Institute, Cary, NC).

Results

Between April 2016 and April 2020, 120 patients had the
YKL-40 plasma level available at the 3 time-points and
were finally included in the present study (Figure 1).

Main patient’s characteristics, treatment and outcomes
are reported in Table 1. The YKL-40 plasma concentration
at 24h was significantly higher compared to measures
before and within 1 h after EVT (p <0.001; Figure 2).

Early plasma YKL-40 level is associated
with 3-month functional outcome

In univariate ordinal shift analysis, higher values of YKL-
40 at each time point of assessment were associated with
worse functional outcome (unadjusted cORs for mRS
increase [95% CI] associated with one SD increase in YKL-
40 0f2.17 [1.43-2.94] before EVT, 2.05 [1.43-3.03] within
lhafter EVT and 1.67 [1.19-2.38] at 24 h after EVT. After
adjustment on age, admission NIHSS and IVT status, only
association between YKL-40 before EVT and 3-month
mRS remained significant (adjusted cOR, 1.61; 95% CI [
1.05-2.44], p=0.026 while adjusted cOR for within 1h
after EVT and 24h after EVT were 1.47, 95% CI [0.97—
2.22] and 1.32, 95% CI [0.88—1.92] respectively).

On the other hand, when binary outcomes were ana-
lyzed, favorable outcome was associated with a lower level
of YKL-40 at each time point (Figure 4), with an OR [95%
CI] per one SD increase in YKL-40 of 0.49 [0.31-0.76]
(»=0.002) before EVT, 0.47 [0.30-0.74] (»p=0.001), within
1h after EVT; and 0.61 [0.41-0.90] (p=0.013) at 24 h after
EVT. After adjustment for age, admission NIHSS and IVT,
associations were slightly attenuated and did not reach the

Table I. Patient characteristics (n=120).

Characteristics

674+ 159
66 (55.0)

Age, year mean (SD)

Men, n (%)

Medical history
Hypertension, n (%)
Diabetes, n (%)
Dyslipidemia, n (%)
Current smoking, n (%)

72/120 (60.0)
23/120 (19.2)
30/120 (25.0)
32/120 (26.7)

Previous stroke or TIA, n (%) 23/120 (19.2)

Pre-stroke mRS > | 39/120 (32.5)

Antithrombotic treatment 61/119 (51.3)
Current AlS event

Baseline NIHSS score, median (IQR)' 17 (9-20)

Baseline ASPECTS, median (IQR)? 7 (5-9)

IVT
First-line EVT strategy

58/120 (48.3)

Stent retriever alone 8/118 (6.8)

Contact aspiration alone 577118 (48.3)

Stent retriever and contact aspiration 53/118 (44.9)
YKL-40 plasma levels

Before EVT, mean (SD), ng/ml? 177 (111)

Within | h after EVT, mean (SD), ng/ml® 161 (112)

24h after EVT, mean (SD) ng/ml® 298 (142)
Functional outcomes at 3 months

Favorable outcome, n (%) 51/110 (46.4)

Excellent outcome, n (%) 30/110 (27.3)

Values expressed as no/total no. (%) unless otherwise indicated.
ASPECTS: Alberta stroke program early computed tomography score;
TIA: transient ischemic attack; IQR: interquartile range; IVT: intravenous
thrombolysis; NIHSS: national institutes of health stroke scale; SD:
standard deviation.

'2 missing data.

29 missing data.

3] missing data.

significance level (Figures 3(a) and 4). Lower values of
YKL-40 at each time point were also associated with excel-
lent outcome in univariate analysis (Figure 4). After adjust-
ment for age, admission NIHSS and IVT, the association of
lower value of YKL-40 before EVT and within 1h after
EVT with excellent outcome remained significant with an
adjusted OR (aOR) per one SD increase in YKL-40 of 0.33
(95% CI [0.16-0.72], p=0.005) before EVT; and 0.32
(95% CI [0.15-0.68], p=0.003) within 1h after EVT. The
association of lower value of YKL-40 24 h after EVT with
excellent outcomes was not significant (aOR=0.69; 95%
CI[0.41-1.16], p=0.16) (Figures 3(b) and 4).

Early plasma YKL-40 level and 3-month
functional outcomes according to IVT
As shown in Figure 5, a significant heterogeneity in the

association of YKL-40 values within 1h after EVT and
24h after EVT with favorable outcome was observed



Boutelier et al.

955

Figure 2. Plasma YKL-40 levels according to time of sampling (expressed in ng/ml). YKL-40:
N-terminal amino acids being Y (tyrosine), K (lysine); EVT: endovascular therapy.
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Figure 3. Distribution of YKL-40 at each time-point of assessment according to favorable outcome (a) and excellent outcome (b).
YKL-40: 40 kDa plasma protein with 3 N-terminal amino acids being Y (tyrosine), K (lysine); EVT: endovascular therapy; favorable

outcome: modified Rankin Scale score 0-2 at 3 months; excellent outcome: modified Rankin Scale score 0—I at 3months.
p-values for logistic regression model after adjustment on age, admission NIHSS and IVT.
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Favorable outcome No Yes OR (95%Cl) p-values Adjusted OR (95%Cl) p-values
YKL-40 before EVT 205+ 112 137+ 92 0.49 (0.3110 0.76) 0.002 —— 0.63(0.37 to 1.08) 0.091
YKL-40 within 1h after EVT 191113 120+ 90 0.47 (0.3010 0.74) 0.001 —.— 0.63 (0.37 to 1.06) 0.082
YKL-40 24h post-EVT 334+ 113 263+ 151 0.60 (0.4110 0.90) 0.013 —- 0.79 (0.4910 1.28) 0.34
Excellent outcome No Yes
YKL-40 before EVT 195+ 111 11677 0.40(0.2310 0.70) 0.001 — 0.33(0.16 0 0.72) 0.005
YKL-40 within 1h after EVT 181x110 9676 0.34 (0.19 10 0.63) <0.001 —e— 0.32(0.15t0 0.68) 0.003
YKL-40 24h post-EVT 320+ 142 249145 0.61(0.4010 0.94) 0.026 = 0.69 (0.4110 1.16) 0.16
[
0.150.50 1.5

Adjusted OR (95%Cl)

Figure 4. Association of YKL-40 at each time-point with favorable and excellent outcomes. YKL-40 levels are expressed in ng/ml.
YKL-40: 40kDa plasma protein with 3 N-terminal amino acids being Y (tyrosine), K (lysine); EVT: endovascular therapy; OR: odds

ratio.

OR and p-values obtained using logistic regression model before and after adjustment on age, admission NIHSS, and IVT.

Favorable outcome No Yes OR (95%Cl) p-values p-het
YKL-40 before EVT
VT- 225x121 120£93 0.36(0.1810 0.72) 0.004 _—— 0.18
T+ 17288 148291 0.71(0.3510 1.42) 0.34
YKL-40 within 1h after EVT
VT- 218+121 93487 0.29(0.1410 0.61) 0.001 0.039
T+ 147184 138+88 0.87 (0.421t0 1.79) 0.70 —_—
YKL-40 24h post-EVT
VT- 343+134 1941130 0.32(0.16 10 0.64) 0.001 —_—— 0.021
T+ 320£133 3074148 0.91(0.5210 1.59) 0.75 —_——
Excellent outcome
YKL-40 before EVT
IVT- 212+125 107:68 0.34(0.1510 0.79) 0.012 —— 0.90
T+ 174188 123+85 0.47 (0.2110 1.04) 0.063 —_———
YKL-40 within 1h after EVT
vT- 204+124 71+51 0.20 (0.07 t0 0.60) 0.004 —_———— 0.16
T+ 154184 115287 0.53(0.2310 1.20) 0.13 —_—
YKL-40 24h post-EVT
VT- 313+148 209+134 0.50 (0.26 t0 0.95) 0.036 —_— 0.44
VT+ 328+136 279150 0.70(0.39t0 1.27) 0.24
r T T T T T T T i T 1
0.062 0.125 0.250 0500 1.00 2.00

Adjusted OR (95%Cl)

Figure 5. Association of YKL-40 at each time-point with favorable and excellent outcomes according to IVT prior to EVT. YKL-40
levels are expressed in ng/ml. YKL-40: 40 kDa plasma protein with 3 N-terminal amino acids being Y (tyrosine), K (lysine); EVT:
endovascular therapy; cOR: cumulative odds ratio, OR: odds ratio; p-het: p-value of heterogeneity. OR, cOR and p-values obtained
using logistic regression model for binary outcomes 3-month mRS score after combined 5 and 6 together, after adjustment on age

and admission NIHSS.

according to IVT status. Lower values of YKL-40 were
associated with favorable outcome in patients without IVT
(OR per one SD increase in YKL-40, 0.37 [95% CI, 0.17—
0.81] within 1h after EVT and 0.37 [ 95% CI, 0.17-0.78
for post-EVT]). In patients with IVT, favorable outcome
occurred irrespective of YKL-40 levels. Regarding the
excellent outcome, the differences in effect sizes (OR)
according to IVT were attenuated and did not reach the
significance levels.

Discussion

In this prospective homogenous cohort of 120 AIS patients
treated with EVT, we observed that acute YKL-40 plasma
levels before EVT were independently associated with
functional outcome at 3 months.

A previous study already observed, in a cohort of 105
non-LVO AIS patients, an increased YKL-40 level within
12h and at 24 h of admission and a correlation with 3 months
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functional outcome.’ We show here that this association is
observed before EVT but not anymore at 24 h. In accord-
ance with this last study,’ we observed a 24 h increase in
YKL-40 plasma level, but, to our knowledge, our study is
the first one acknowledging acute plasma temporal dynamic
of YKL-40 at 3 time-points in the first 24 h, allowing us to
show that critical release of YKL-40 begins at the hyper-
acute phase, even before EVT.

As reviewed recently,” several studies have demon-
strated that focal ischemia and neuronal death could lead to
a global immune brain response and that acute non-specific
innate immune systemic activation biomarkers were corre-
lated with functional outcome.®® In our study, the associa-
tion between functional outcome and YKL.-40 plasma level
is independent of baseline clinical AIS severity when
assessed before EVT, suggesting that the intensity of the
hyper-acute astrocytic inflammatory response could reflect
the hypoxia-induced brain damage. Interestingly, it seems
that IVT may mitigate the deleterious pathophysiological
processes associated with YKL-40 plasma release since the
association between YKL-40 levels and 3-month functional
outcomes are significantly reduced in the IVT-treated
patient population. These last results are in accordance with
our previous study where we found that IVT reduced the
neutrophil activation in post-EVT AIS patients.®

YKL-40 is a non-specific molecule and known to be
expressed by many cell types including macrophages.’ It is
believed to be involved in T2-helper cytotoxicity and tis-
sue remodeling, especially in cancer and systemic inflam-
matory diseases.” In brain pathologies, YKL-40 is mainly
expressed by astrocytes'®!! and associated with an astro-
cytic inflammatory response to ongoing acute or chronic
brain injuries such as neurodegenerative diseases, acute
stroke and neuroinfectious diseases.® This nonspecific
expression of YKL-40 may, at least in part, explain the
lack of association with the 3-month neurological out-
comes when assessed 24-hour post-EVT. In fact, at 24h
this biomarker may not only reflect the ongoing astrocytic
inflammatory response but also the post-AIS systemic
inflammation.

It has been shown in vitro that YKL-40 is involved in
astrocyte differentiation and astrogliogenesis.'> However,
whether YKL-40 is a surrogate biomarker of reactive astro-
cytes or an effector that could become a therapeutic target
remains to be established.’

Several limitations must be acknowledged. Despite its
prospective design, the present study is observational,
potentially leading to confounding biases in the analysis,
and pertains only to a small population of EVT-treated AIS
patients. Moreover, the puncture sites are different between
the two peri-procedure time-points (before and 1-hour post-
EVT), withdrawn from the femoral artery and the third one,
24-hour post EVT, withdrawn on a brachial vein which may
induce a slight difference in the plasma content. However,
our pilot study based on a high-quality and homogeneous

cohort of patients highlights for the first time that the criti-
cal astrocytic inflammatory response may start at the hyper-
acute phase of AIS, even before recanalization, suggesting
that future neuroprotective strategies should be adminis-
tered concomitantly or even before recanalization therapies
to hope a maximal efficacy. Finally, such early biomarker
may help in selecting patients for an individualized neuro-
protective-based care in the future.

Conclusion

This study suggests that the astrocytic reaction to acute
brain hypoxia, especially before recanalization, is associ-
ated with worse functional outcome. These results reinforce
the need to invest future research in neuroprotective strate-
gies associated with recanalization therapies to reduce the
dire consequences of acute ischemic stroke to brain sur-
vival and functions.
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