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Abstract

Background: Neuroinflammation is ubiquitous in acute stroke and worsens outcome. However,
the precise timing of the inflammatory response is unknown, hindering the design of acute anti-
inflammatory therapeutic interventions. We sought to identify the onset of the neuroinflammatory
cascade using a mobile stroke unit (MSU).

Methods: The study is a proof-of-concept, cohort investigation of ultra-early blood- and
extracellular vesicle (EV)-derived markers of neuroinflammation and outcome in acute stroke.
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Blood was obtained, prehospital, on an MSU. Outcomes were biomarker concentrations, modified
Rankin Scale score, and NIH Stroke Scale score.

Results: Forty-one adults were analyzed, including 15 patients treated on the MSU between
August 2021 and April 2022, and 26 healthy controls to establish biomarker reference levels.
Median patient age was 74 (range 36-97) years, 60% were female, and 80% white. Ten (67%)
were diagnosed as stroke, with 8 (53%) confirmed and 2 likely TIA or stroke averted by
thrombolysis; 5 were stroke mimics. For strokes, median initial NIHSS score was 11 (range
4-19) and 6 (75%) received tPA. Blood was obtained a median of 58 (range 36—-133) minutes
after symptom onset. Within 36 minutes after stroke, plasma interleukin-6 (I1L-6), neurofilament
light chain (NfL), ubiquitin C-terminal hydrolase L1 (UCH-L1) and glial fibrillary acidic protein
(GFAP) were elevated by as much as 10 times normal. In EVs, matrix metalloproteinase-9
(MMP-9), chemokine (C-X-C motif) ligand 4 (CXCL4), C-reactive protein (CRP), IL-6,
osteopontin (OPN) and platelet and endothelial cell adhesion molecule 1 (PECAM1) were
elevated. Inflammatory markers increased rapidly in the first two hours and continued rising for 24
hours.

Conclusions: The neuroinflammatory cascade was found to be activated within 36 to 133
minutes after stroke and progresses rapidly. This is earlier than observed previously in humans
and suggests injury from neuroinflammation occurs faster than had been surmised. These
findings could inform development of acute immunomodulatory stroke therapies and lead to new
diagnostic tools and improved outcomes.

Introduction

Stroke is a leading cause of death and disability, affecting more than 12 million individuals
worldwide each year.! Neuroinflammation is a ubiquitous sequelae, and has a bimodal effect
on outcomes, inducing secondary injury early after ischemic brain insult or hemorrhage

and beneficial neural protection and repair, hours or days later.2 Acute clinical stroke
treatment presently focuses primarily on restoration of cerebral circulation, or mitigation of
intracranial bleeding. The post-stroke inflammatory cascade remains largely untreated. Glial
fibrillary astrocytic protein (GFAP), ubiquitin C-terminal hydrolase (UCH-L1),3% and a
constellation of other cytokines, chemokines and enzymes implicated in neuroinflammation
are being studied in stroke, including interleukins IL-6, IL-17, tumor necrosis factor alpha
(TNFa),”: 8 the enzyme matrix metalloproteinase-9 (MMP-9), and chemokine (C-X-C
motif) ligand 4 (CXCL4). Prevailing data suggest the inflammatory response occurs many
hours after stroke.® However, inflammatory factors have only been studied in the hours and
days following acute stroke onset in humans, typically after the 3—4.5-hour window for
stroke thrombolysis.10 We sought to help fill this gap in knowledge earlier than previously
possible by obtaining blood concurrent with brain imaging and neurological exam in

the field, utilizing a prehospital treatment paradigm, the mobile stroke unit (MSU). We
hypothesized that the neuroinflammatory cascade begins within minutes after the onset of
stroke symptoms, representing a possible target for ultra-early intervention.
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The study is a prospective, proof-of-concept, cohort investigation of ultra-early blood-

and extracellular vesicle (EV)-derived markers of neuroinflammation, cerebral insult and
outcome in acute stroke. The research was approved by the University of Colorado (UC)
IRB. Written informed consent was obtained from each study patient, or a legally authorized
representative. The study included adult patients treated acutely for suspected stroke on

the UC MSU, and subsequently admitted for acute care to the UC Hospital. Outcome was
assessed at the time of acute hospitalization discharge. Outcome measures included the

final clinical diagnosis, mRS and NIHSS scores. Blood was obtained on the MSU and 24
hours later, and plasma was analyzed with enzyme-linked and electrochemiluminescense
immunoassays, and heat-shock protein isolation of vesicles. For the main statistical analyses,
subjects were dichotomized into those with confirmed stroke vs. healthy adult controls.
Patient biomarker levels were compared with clinical reference standards and with median
and individual values for study control patients, and for grouped plasma of healthy adult
controls in EV analyses. Data were analyzed with SPSS, version 28.0 (Armonk, NY, USA).
This manuscript follows the STROBE reporting guideline.1! The data that support the
findings of this study are available from the corresponding author upon reasonable request.
Additional methods, including characteristics of controls, see Supplemental Materials)

The study included 41 adult individuals. Between August 2021 and April 2022, 15 patients
with acute stroke symptoms treated on the University of Colorado MSU were enrolled, and
ultra-early blood samples were obtained. Median age was 74 years (range 36-97), 60% were
female, and 80% white. Ten patients (67%) were diagnosed as stroke, with eight (53%)
confirmed by clinical neurological examination and/or neuroimaging (Table 1, Table S1).
The study included 26 healthy adults, and one pooled group of controls, for plasma and
extracellular vesicle analyses.

Peripheral venous blood was obtained at the patients’ homes at a median of 58 (range
36-133) minutes after stroke symptom onset for all 8 confirmed stroke cases. Blood samples
were obtained prior to administration of tPA, and was drawn between 11:11 a.m and 6:43
p.m., on all days of the week except Wednesday.

Plasma Neuroinflammatory Factor Levels

Among patients with confirmed stroke, plasma concentrations of IL-6, neurofilament light
chain (NfL), UCH-L1 and GFAP were abnormally elevated above reference or healthy
control levels by 36 minutes after stroke symptom onset, and in blood samples taken during
the first 133 minutes after stroke (Figs. 1, 2)(Figs. S1-S3). These biomarkers were as

much as 10 times normal levels (Tables S2-S6). Plasma concentrations of pro-inflammatory
cytokines IL-17A, IL-1B, TNFa and interferon gamma (IFN-y), were in the normal

range during this time period (Table S3). Median plasma IL-6 concentration, measure by
electrochemiluminescence, was about four times higher in confirmed stroke patients (7.27
pg/mL, range 1.76-36.76), compared with a median 1.89 pg/mL (range 0.3-5.0) for healthy
adults.12 13 Follow-up blood samples were obtained at 24 hours during acute hospitalization

Stroke. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kowalski et al.

Page 4

for six (75%) of confirmed stroke patients. Plasma IL-6 levels increased between 1.7-fold
and 10.2-fold in all patients during this 24-hour time period (Fig. S1). Plasma IL-6 was also
elevated when assessed with enzyme-linked immunoassay (ELISA). Plasma proteins NfL,
UCH-L1 and GFAP were quantified with single molecule array (SIMOA) in 6 confirmed
stroke patients [4 acute ischemic stroke (AlIS), 2 intracerebral hemorrhage (ICH)], and 21
adult healthy controls. All were elevated in stroke patients compared to controls, both in the
minutes after stroke onset and at 24 hours (Tables S5-S6).

Extracellular Vesicle-derived Neuroinflammatory Factor Levels

Among inflammatory factors with known association with stroke, CRP, MMP-9, CXCL4,
PECAML1, IL-6 and OPN were higher for confirmed stroke patients in the minutes after
symptom onset, than for healthy controls, both in terms of medians, and in individual
patient values in 97% of cases (Table S7, Figs. S4-S5) (Additional results, see Supplemental
Materials, Fig. S6, Tables S8-S11).

Discussion

Nine inflammatory factors were fully analyzed, including 6 that reflect neurotoxicity during
the hyper-acute phase of stroke (IL-6, NfL, GFAP, CRP, MMP-9, CXCL4) and 3 believed to
be involved in neuroprotection later in the acute stroke course and recovery (UCH-L1, OPN,
PECAML1). Blood samples for all confirmed stroke patients in this report were obtained

less than 133 minutes after stroke onset. To our knowledge, this represents the earliest the
neuroinflammatory cascade has been evaluated in humans following stroke. Furthermore,
these results provide a unique snapshot of the neuroinflammatory response in a naturally
progressing stroke, before it has been interrupted by treatment. Because inflammatory
factors arise from different body systems, the study attempted to localize neuroinflammatory
factors in or on EVs arising from stressed cells displaying surface heat shock proteins

on EVs. This analysis found elevated levels of CRP, MMP-9, CXCL4, PECAML, IL-6

and OPN, confirming the presence of an active inflammatory process and further refining
findings from peripheral blood.

Among the cytokines evaluated in our study, IL-6 was elevated. Previous studies have
reported that IL-6 is detected only four or more hours after stroke.® 14 15 Qur results
demonstrated IL-6 was elevated as early as 36 minutes after stroke. Because IL-6 is a
systemic cytokine, elevated concentration at stroke onset could represent an acute infection
or chronic comorbidity. However, rapidly increasing IL-6 during the hyper-acute (<2 hours)
and acute stage up to 24 hours after stroke suggests an active response to an acute event,
and points to the ischemic or hemorrhagic insult. This is bolstered by the lack of significant
premorbid disability in any of the stroke patients in this sample (MRS<1). IL-6 is of
particular interest in stroke as it is measurable from a peripheral blood sample at the site

of initial stroke evaluation with point-of-care devices that produce a result in as little as 20
minutes.16-18 The study results demonstrated increasing inflammatory factor levels in all
stroke patients for whom a second blood sample was obtained, during the first 24 hours.
This change arguably demonstrates an active and increasing inflammatory response which is
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attributable to the acute stroke, rather than a chronic condition (Additional discussion, see
Supplemental Materials).

The primary limitation of this report is the small patient sample size and heterogeneity.
Larger numbers of patients are needed for more complete characterization of the post-stroke
neuroinflammatory cascade and development of diagnostic tools. The present sample size

of patients enrolled is not sufficient for inferential univariate or multivariable analyses.

The results are therefore reported here with descriptive comparisons for relevance to

rapidly advancing developments in stroke research and clinical care. Changes in biomarkers
occurring more than 24 hours after stroke were not evaluated and would be a potentially
valuable component of future research. Finally, stroke onset time for the study was
predicated on reports of symptom onset from patients or observers, and is subject to errors of
recall.

Conclusion

The study found the inflammatory cascade is activated as early as 36 minutes after stroke,
and progresses rapidly. This is earlier than observed previously in humans, and suggests
injury from neuroinflammation may occur faster than had been surmised. The findings may
inform development of immunomodulatory therapies for acute stroke, better describe the
stroke trajectory and estimate its onset, leading to improved care and outcomes in this
devastating neurological disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECL electrochemiluminescence immunoassay
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Figure 1.
Ultra-early neuroinflammatory factor levels in acute stroke patients’

ECL, electrochemiluminescence immunoassay; ELISA, enzyme-linked immunosorbent
assay; SIMOA, single molecule array; HSP, heat shock protein; MSU, mobile stroke

unit; IL-6, interleukin 6; NfL, neurofilament light chain; UCH-L1, ubiquitin C-terminal
hydrolase L1; GFAP, glial fibrillary astrocytic protein; CRP, C-reactive protein; MMP-9,
matrix metalloproteinase 9; CXCL4, C-X-C motif ligand 4; PECAM-1, platelet endothelial
cell adhesion molecule-1; OPN, osteopontin.

TAll values are median plasma neuroinflammatory factor concentrations, for stroke patients
and controls.

*For ECL, the reference is 1.89 pg/mL (Todd J., Simpson P., Estis J., Torres V., Wub A.

H. Reference range and short- and long-term biological variation of interleukin (IL)-6,
IL-17A and tissue necrosis factor-alpha using high sensitivity assays. Cytokine. Dec
2013;64(3):660-665.)

*Values for SIMOA results are reduced by a factor of 10 for scale.

**Eor extracellular vesicle analyses, levels are expressed as arbitrary units of pixel density.
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Figure2.

Plasma IL-6 levels in first 133 minutes after stroke onset*

MCA, middle cerebral artery; ICH, intracerebral hemorrhage.

*Plasma IL-6 levels measured by electrochemiluminescence immunoassay.

TTodd J., Simpson P., Estis J., Torres V., Wub A. H. Reference range and short- and
long-term biological variation of interleukin (IL)-6, IL-17A and tissue necrosis factor-alpha
using high sensitivity assays. Cytokine. Dec 2013;64(3):660-665.
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Table 1.

Baseline demographic and clinical characteristics of patients treated on mobile stroke unit
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Patient Char acteristics A”(I\'Tgtli;m Conﬁf("N”'SdS)SUOKB Strolmi/l?i)mic*
Demographics
Age (years at stroke symptom onset) 74 (36-97) 67 (36-86) 74 (40-97)
Sex (female) 9 (60) 3(37) 6 (86)
Race
White 12 (80) 6 (75) 6 (86)
Black 2(13) 1(12) 1(14)
Hispanic 1(7) 1(12) 0 (0)
Pre-morbid characteristics
Modified Rankin Scale score
0. No symptoms 9 (60) 6 (75) 3(43)
1. No significant disability 3 (20) 2 (25) 1(14)
2. Slight disability 0 (0) 0(0) 0(0)
3. Moderate disability 1(7) 0 (0) 1(14)
4. Moderately severe disability 2 (13) 0 (0) 2 (29)
5. Severe disability 0 (0) 0 (0) 0 (0)
Previous stroke 4(27) 3(37) 1(14)
Acute Clinical characteristics
MSU NIHSS score 6 (1-22) 11 (4-22) 6 (1-7)
0-4. Minor 5(33) 2 (25) 3(43)
5-15. Moderate 8 (53) 4 (50) 4(57)
16-20. Moderate to severe 0 (0) 0 (0) 0 (0)
21-42. Severe 2 (13) 2 (25) 0 (0)
ED NIHSS score 5 (0-29) 7 (1-29) 2 (0-11)
0-4. Minor 7(47) 2 (25) 5(71)
5-15. Moderate 5(33) 3(37) 2 (29)
16-20. Moderate to severe 1(7) 1(12) 0 (0)
21-42. Severe 2 (13) 2 (25) 0(0)
A NIHSS score (MSU to ED) -1 (-4 to +4) +0.5 (-4 to+5) -1 (-4to +2)
Improved 8 (53) 3(37) 5(71)
Unchanged 1(7) 1(12) 0(0)
Worsened 6 (40) 4 (50) 2 (29)
Etiology
Confirmed Acute stroke 8 (53) 8 (100) N/A
Ischemic 6 (40) 6 (40) N/A
Hemorrhagic 2 (13) 2 (13) N/A
Unconfirmed stroke or mimic 7 (47) N/A 7 (100)
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. -~ All Patients | Confirmed Stroke | Stroke Mimic"
Patient Characteristics (N=15) (N=8) (N=7)
TIA or stroke aborted by tPA 2(13) N/A 2 (29)
Seizure 2 (13) N/A 2 (29)
Pulmonary embolism 1(7) N/A 1(14)
COPD exacerbation 1(7) N/A 1(14)
EtOH withdrawal 1(7) N/A 1(14)
Acute Treatment
Time from symptom onset to MSU stroke treatment (mins) 7| 69 (35-835) 58 (36-133) 405 (35-835)
Thrombolysis — IV tPAI(on MSU) 5 (40) 4(50) 1(14)
Thrombolysis — IV tPA’t(ED) 2(7) 2(25) 0(0)
Mechanical thrombectomy 2 (13) 2 (25) 0 (0)
Hospital course
Hospital LOS (days) 4 (3-6) 4 (4-6) 4 (1-6)

Data are N (%), median (range). ED, emergency department; NIHSS, National Institutes of Health Stroke Scale; MSU, mobile stroke unit; tPA,

tissue plasminogen activator; COPD, chronic obstructive pulmonary disease; EtOH, ethanol; LOS, length of stay.

*
Includes one patient with suspected TIA, and one patient with a possible ischemic stroke aborted by tPA.

fTime of blood draw on MSU.
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