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A preclinical randomized controlled 
multi-centre trial of anti-interleukin-17A 
treatment for acute ischaemic stroke
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Multiple consensus statements have called for preclinical randomized controlled trials to improve translation in stroke research. We 
investigated the efficacy of an interleukin-17A neutralizing antibody in a multi-centre preclinical randomized controlled trial using a 
murine ischaemia reperfusion stroke model. Twelve-week-old male C57BL/6 mice were subjected to 45 min of transient middle cere
bral artery occlusion in four centres. Mice were randomly assigned (1:1) to receive either an anti-interleukin-17A (500 µg) or isotype 
antibody (500 µg) intravenously 1 h after reperfusion. The primary endpoint was infarct volume measured by magnetic resonance 
imaging three days after transient middle cerebral artery occlusion. Secondary analysis included mortality, neurological score, neu
trophil infiltration and the impact of the gut microbiome on treatment effects. Out of 136 mice, 109 mice were included in the analysis 
of the primary endpoint. Mixed model analysis revealed that interleukin-17A neutralization significantly reduced infarct sizes (anti- 
interleukin-17A: 61.77 ± 31.04 mm3; IgG control: 75.66 ± 34.79 mm3; P = 0.01). Secondary outcome measures showed a decrease in 
mortality (hazard ratio = 3.43, 95% confidence interval = 1.157–10.18; P = 0.04) and neutrophil invasion into ischaemic cortices 
(anti-interleukin-17A: 7222 ± 6108 cells; IgG control: 28 153 ± 23 206 cells; P < 0.01). There was no difference in Bederson score. 
The analysis of the gut microbiome showed significant heterogeneity between centres (R = 0.78, P < 0.001, n = 40). Taken together, 
neutralization of interleukin-17A in a therapeutic time window resulted in a significant reduction of infarct sizes and mortality com
pared with isotype control. It suggests interleukin-17A neutralization as a potential therapeutic target in stroke.
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Graphical Abstract

Introduction
In the Western world, stroke is the leading cause of long-term 
disability and the third leading cause of death.1 Currently, 
treatment opportunities are limited to thrombolysis and 
thrombectomy which are only available to a subset of acute 
stroke patients. Furthermore, a significant proportion of 
stroke patients still suffers from clinically relevant neuro
logical long-term deficits despite successful recanalization. 
Novel therapeutic strategies which are targeting ischaemic 

brain injury are urgently needed but still not available as 
the translation of experimental neuroprotective therapies 
from preclinical research into patient care has not been suc
cessful to date.2 A main reason for the lack in translation is 
the inappropriate design of preclinical stroke studies.2-4

Accordingly, neuroprotective compounds that have shown 
beneficial effects in murine experimental stroke failed in hu
man clinical trials.5,6 These translational difficulties have re
sulted in the recommendations of The Stroke Therapy 
Academic Industry Roundtable and a recently updated 
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version of the Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines (ARRIVE 2.0).7 A broad 
range of scientists have supported and extended these guide
lines with calls for rigorous study designs including preclin
ical randomized controlled trials (pRCT) to improve drug 
development and selection of potential candidates for 
clinical studies.8,9 Operational and statistical guidelines for 
multi-centre pRCT include: (i) harmonized experimental 
protocols; (ii) sample size calculation; (iii) randomization; 
(iv) blinding; (v) cross-validation and (vi) centralized study 
organization. With these demands, the organization and fi
nancing of pRCTs is complex. Furthermore, publication is 
challenging, since pRCTs are mostly confirmatory studies in
vestigating already known compounds instead of novel 
therapeutic targets. Therefore, only two such trials have 
been published in experimental stroke research.10,11

Recent immunological research has indicated that inflam
matory mechanisms are central to the pathophysiology of 
stroke.12 In particular, the highly conserved pro-inflammatory 
cytokine Interleukin-17A (IL-17A) holds key functions in the 
initiation of the excessive detrimental inflammatory response 
in the ischaemic brain in the first hours and days.13,14 In 
stroke, γδ T cells are the main source of IL-17A. These innate- 
like lymphocytes rapidly infiltrate and produce IL-17A in re
sponse to IL-1 and IL-23, with a peak of IL-17A expression 
between 48 and 72 h post-stroke.15,16 The main effect of 
IL-17A is the local induction of the early detrimental neutro
phil infiltration into the ischaemic brain. Beside stroke, 
IL-17A is also implicated in the pathology of several auto
immune diseases such as rheumatoid arthritis, and psoriasis 
which led to Food and Drug Administration approved 
anti-IL-17A treatments.17 In murine models of experimental 
stroke, evidence for a detrimental role of IL-17A was seen in 
multiple single-centre studies.13,14,18-20 While these data sup
port an important role of IL-17A in stroke, single-centre stud
ies are biased by site-specific confounders, including animal 
housing conditions, the microbiome, the experimental set-up 
and even the investigators.

Therefore, we have performed a pRCT on IL-17A neutraliza
tion in experimental stroke. This study was carried out in 
Odense (Denmark), New York (USA), Hamburg (Germany) 
and Münster (Germany) using the transient middle cerebral 
artery occlusion model (tMCAO). Following a predefined 
protocol including randomization and blinding, application 
of mouse-monoclonal anti-IL-17A antibodies significantly 
reduced infarct size and mortality and resulted in less cortical 
neutrophil infiltration. This pRCT showed that neuralization 
of IL-17A is effective in a large sample size and across different 
study centres.

Materials and methods
Study design
The study was performed between 2017 (initiation) and 
2018 (unblinding) in an international consortium consisting 

of four test centres. Infarct size on Day 3 after stroke was de
fined as the primary endpoint. Secondary endpoints were 
mortality, neurological outcome and neutrophil infiltration 
into the ischaemic hemisphere. Primary and secondary effi
cacy outcomes were assessed in the per-protocol population, 
which included all mice that completed the trial until 
Day 3. The exclusion criteria and any experimental details 
were predefined in the study protocol (Supplementary Figs 1 
and 2). The Hamburg study centre (M.G.) designed the study 
protocol, coordinated the trial and performed central data 
analysis. Hamburg (M.G.), New York (J.A.), Odense 
(B.H.C.) and Münster (J.M.) performed the tMCAO experi
ments. Sample size was determined a priori by performing a 
power analysis (Power = 0.95, G*Power software) with a 
targeted effect size of 1.2, based on previously published 
data on anti-IL-17A treatment.14 We conducted all experi
ments according to the Guide for the Care and Use of 
Laboratory Animals published by the US National 
Institutes of Health (publication No. 83-123, revised 1996) 
and performed all procedures in accordance with the 
ARRIVE guidelines. All animal experiments were approved 
by the respective local animal care committees.

Mice
C57BL/6 mice were provided by different suppliers (Münster 
and Hamburg: Charles River, Odense: Taconic, New York: 
The Jackson Lab) and housed in the respective animal facility 
at least for 2 weeks before the experiments started. We used 
male mice with an age of 11–13 weeks and a bodyweight of 
24–28 g. In total, 136 mice were randomized and treated. 
The animals were housed according to the local guidelines 
of each study centre and assessed at least once a day.

Randomization and treatment
Mice were randomly assigned to treatment with either 
500 µg of anti-IL-17A (3.33 μg/μl, clone MM17F3, 
eBioscience, RRID: AB_763585) or isotype IgG antibody 
(3.33 μg/μl, eBioscience, RRID: AB_470160) by the coordin
ating centre using a randomizer tool. Antibodies were in
jected intravenously 1 h after reperfusion. All participating 
surgeons, animal caretakers and researchers were blinded 
for the treatment groups.

Transient middle cerebral artery 
occlusion
Transient middle cerebral artery occlusion was achieved 
with the intraluminal filament method (Doccol, Cat# 
602112PK10) for 45 min as previously described.21 Body 
temperature was kept at 36°C during surgery and all mice 
were monitored for cerebral blood flow with the use of tran
scranial temporal laser Doppler. Only mice with a reduction 
of at least 80% in cerebral blood flow in the left middle cere
bral artery (MCA) territory compared with the contralateral 
side were included in the study. After stroke induction, every 
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mouse was repeatedly scored on a scale from 0 to 5 (0, no 
deficit; 1, preferential turning; 2, circling; 3, longitudinal 
rolling; 4, no movement and 5, death) immediately after re- 
awakening and every day until killing. Mice were sacrificed 
three days after tMCAO and perfused with 25 ml phosphate- 
buffered saline (10 ml/min) (PBS, SigmaAldrich, Cat# 
D8537-1L) and 25 ml 4% paraformaldehyde (10 ml/min) 
(PFA, Morphisto, Cat# 11762.01000) afterwards. Brains 
were kept in 4% PFA at 4°C for 24 h, stored in PBS at 4°C, 
and sent to the core laboratory in Hamburg for further 
analysis. Magnetic resonance imaging (MRI) was performed 
4–6 weeks after removal of the brains.

Infarct volume assessment by 
magnetic resonance imaging
Ex vivo MRI of the brains from Odense, New York and 
Münster was performed on a 7 T system (ClinScan, 
Bruker) in Hamburg. The specimens from Hamburg were 
measured on a 9.4 T system (BioSpec, Bruker) in Münster. 
For MRI acquisition, brains were placed in 15 ml falcon 
tubes filled with PBS. The imaging protocol comprised an ap
parent diffusion coefficient (ADC) and diffusion-weighted 
images (DWI). Calculations of infarct volumes were per
formed on ADC images using ImageJ (NIH).22 Infarct sizes 
were corrected for brain oedema.23 Infarct volume analysis 
was performed by two independent and blinded raters 
from Hamburg whose results highly correlated 
(Supplementary Fig. 3). All MRI scans and analysis files 
were stored on a central database.

Immunohistochemistry
Mice from the study cohorts in Hamburg, New York and 
Odense were additionally used for the immunohistochemical 
analysis of neutrophil infiltration. Only mice with infarcts in
volving both cortical and striatal areas on MRI were ran
domly selected. Following MRI, the PFA fixed brains were 
embedded in paraffin and coronal sections of 10 µm thick
ness were collected every 400 μm. For the immunostaining 
of neutrophils, we performed antigen retrieval in 10 mM cit
rate buffer (pH 6.0) and blocked with normal rabbit serum 
(Vector Laboratories, Cat# S-5000, RRID: AB_2336619). 
Sections were incubated with Ly6G (clone 1A8, 1/500, 
Biolegend, Cat# 127602, RRID: AB_1089180) overnight 
at 4°C. Vectastain Elite ABC HRP kit (Vector 
Laboratories, Cat# PK-6104, RRID: AB_2336823) was 
used for visualization. For nuclear staining, Nuclear Fast 
Red (SigmaAldrich, Cat# N3020-100 ml) was added for 
5 min at room temperature. Images were acquired on a digit
al slide scanner (Hamamatsu; Nano Zoomer). Manual cell 
counting was done with the NanoZoomer digital pathology 
viewer (Hamamatsu). Individual neutrophils on the entire 
slide were marked by hand to avoid double counts. 
Assignment to either the cortical or striatal area was assessed 
by colocalization to the respective anatomical structures. 
Total numbers of neutrophils were determined according 

to the following calculation: Total number of neutrophils  
= N(n1 + n2+…ni)×40 (N = sum of all counted neutrophils 
in the brain, ni = number of neutrophils counted on each 
slidei and 40 = number of slides of 10 µm thickness in the 
position 1…i). For each brain, neutrophils were counted 
on 15 slides. Images of representative neutrophils in both 
groups were taken with a transmission light microscope 
(Apotome, Zeiss) and a ×63 plan-apochromatic oil differen
tial interference contrast (DIC) objective.

Collection of faeces
We collected faeces of 10 mice in each centre for the analysis 
of the gut microbiome. All mice were housed for at least 
2 weeks in the animal facility of the respective centre to adapt 
to local microbiota. Specimens were collected early in the 
morning directly from each mouse to avoid the loss of anaer
obic bacteria. Immediately after collection, the faeces were 
homogenized in 96% ethanol to stop DNA degradation.

Nucleic acid extraction
Following resuspension and homogenization of the faeces 
with the MSC-96000 Nasopharyngeal Sampling Kit 
(Miraclean Technology, # MSC-96000), nucleic acids 
(DNA and RNA) were extracted from 200 µl sample volume 
on an automated extraction system (QIAsymphony, Qiagen, 
Hilden) using the DSP Virus/Pathogen Midi Kit (Qiagen, 
# 937055), according to the manufacturer’s instructions.

16S rRNA amplicon library 
preparation, MiSeq sequencing and 
bioinformatic analysis
V3–V4 region 16S rRNA amplicon sequencing was per
formed as recently published.24 The following primers con
taining the Illumina adapter consensus sequence were used: 
F: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACA 
GCCTACGGGNGGCWGCAG-3 and R: 5-GTCTCGTGG 
GCTCGGAGATGTGTATAAGAGACAGGACTACHVG
GGTATCTAATCC-3. Samples were multiplexed using the 
Illumina Nextera XT Index Kit and sequenced by 500 PE se
quencing on the MiSeq platform. FastQC (Babraham 
Bioinformatics, Babraham Institute, UK) was used to deter
mine the average quality scores of each sample before and 
after paired reads. The paired ends in each sample were 
joined, and all sequences <250 bp and/or with a Phred score 
<33 were discarded. Quality filtering was applied using 
Quantitative Insights Into Microbial Ecology (QIIME) 53 
(at Phred ≥ Q20). We performed operational taxonomic 
unit (OTU) clustering and alpha- and beta-diversity analysis 
using QIIME 2.25 A chimaera filter was applied using 
USEARCH 8.1. All sequences were clustered based on 
97% similarity to reference sequences. The reads that did 
not meet the 97% similarity criteria were clustered 
de novo. Taxonomy levels of representative sequences in 
the OTU table were assigned at 95% similarity based on 
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the SILVA database. We calculated alpha diversity based on 
the total amount of OTUs. Analysis of beta-diversity statis
tics [analysis of similarities (ANOSIM)] was performed to 
determine if differences between the distributions of micro
biota profiles were significant.

Real-time quantitative PCR analysis 
of segmented filamentous bacteria
Real-time quantitative PCR (RT-qPCR) was performed on 
7 ng of purified faecal DNA in three technical replicates. 
PCR was performed with Power SYBR Green PCR Master 
Mix (Thermofischer, Cat# 4368706) on a LightCycler® 96 
Instrument (Roche) with the following primers: segmented 
filamentous bacteria (SFB) 736F: GACGCTGAGGCATGAG 
AGCAT, SFB 844R: GACGGCACGRATTGTTATTCA, and 
universal bacterial r16S gene primers 16S-V2-101F: AGYGG 
CGIACGGGTGAGTAA and 16S-V2-361R: CYIACTGCTG 
CCTCCCGTAG. Ct values of SFB amplicons were normalized 
to r16S gene Ct values by the ΔCt method and data are shown 
as fold change over SFB levels in mice from Odense as refer
ence group (ΔΔCt method). Analysis was performed with 
Excel (Microsoft) and GraphPad Prism (GraphPad Software).

Flow cytometry
The flow cytometric analysis of immune cell infiltration was 
performed in an additional cohort of mice subjected to 
45 min of tMCAO in Hamburg. These mice were not part 
of the study cohort used for the analysis of the primary out
come parameter. Mice were sacrificed three days after 
tMCAO, followed by perfusion with PBS and removal of 
the brain. To ensure that only mice with infarcts involving 
cortical and striatal areas were included in the analysis, 
brains were cut into 1 mm thick sections. Next, we 
performed a vital staining using 2% (wt/vol) 
2,3,5-triphenyl-2-hydroxy-tetrazolium chloride (TTC). 
Following TTC staining, the ipsilesional cortex was dissected 
from the striatum under a microscope and the two tissue 
samples were processed separately. The tissue was digested 
for 30 min at 37°C [1 mg/ml collagenase (SigmaAldrich, 
Cat# 11088793001) and 0.1 mg/ml DNAse I (Roche, Cat# 
11284932001) in Dulbecco′s Modified Eagle′s Medium 
(DMEM) (Gibco, Cat# 41965-039)], and pressed through 
a 40 µm cell strainer. Cells were incubated with standard 
erythrocyte lysis buffer on ice and separated from myelin 
and debris by Percoll gradient (Cytiva Sweden, Cat# 
17-5445-01) centrifugation and stained for 30 min at 4°C. 
The following antibodies were used in a dilution of 1:100: 
Biolegend: T-cell receptor γ/δ (PerCP-Cy5.5; clone GL3, 
Cat# 118118, RRID: AB_10612572), CD11b (PE-Cy7; 
M1/70, Cat# 101216, RRID: AB_312799), CD3 (BV421; 
17A2, Cat# 100228, RRID: AB_2562553), B220 (BV570; 
RA3-6B2, Cat# 103237, RRID: AB_10900264), F4/80 
(BV605; BM8, Cat# 123133, RRID: AB_2562305), CD8 

(BV650; 53-6.7, Cat# 100742, RRID: AB_2563056), 
NK1.1 (BV710; PK136, Cat# 108745, RRID: 
AB_2563286), CD4 (BV785; RM4-5, Cat# 100551, 
RRID: AB_11218992), eBioscience: MHCII (FITC; M5/ 
114.15.2, Cat# 11-5321-82, RRID: AB_465232), CD11c 
(APC; N418, Cat# 17-0114-82, RRID: AB_469346), 
CD45 (APC-eFluor 780; 30-F11, Cat# 47-0451-82, RRID: 
AB_1548781), BD Bioscience: Ly6G (PE; 1A8, Cat# 
551461, RRID: AB_394208). For cell counting, BD 
Trucount tubes (BD Biosciences, Cat# 663028) were used. 
Fluorescence-activated cell sorting measurements were per
formed on an LSR Fortessa (BD Biosciences) in Hamburg. 
Data analysis was done with FlowJo (BD Biosciences).

Statistical analysis
We computed a generalized linear-mixed model analysis 
(SPSS, IBM, © 2019) to test for treatment effects on the in
farct volume. This model allowed us to account for two 
raters as random effects. Fixed effects were set as treatment 
and centre to compute pairwise contrasts between the treat
ment groups for each centre. Normal distribution was 
checked beforehand by histogram analysis. For the pairwise 
comparisons, P-values were adjusted with Šidák’s correction 
to account for multiple testing. Each specimen was divided 
into one of the two sub-groups (>30 mm3 versus 
< 30 mm3) by two independent raters. Within each sub- 
group, we conducted the same analysis as we did in the 
main group. Pearson’s r was calculated for inter-rater reli
ability. Mortality was analysed with a log-rank test. 
Bederson scores were analysed with a Mann–Whitney test 
for non-parametric data and bodyweight was analysed using 
a mixed model analysis to account for missing values with 
time points and treatments as fixed effects. Šidák’s test was 
assessed to test for pairwise contrasts of the two treatment 
groups on each time point. Flow cytometric data on cortical 
and striatal immune cell infiltration was analysed with a two- 
sided Student’s t-test for dependent samples. Neutrophil 
counts from immunohistochemical studies were analysed 
with a multivariate analysis of variances with repeated mea
surements of variances with compartments and treatments as 
independent variables. Šidák’s test was assessed to check for 
pairwise contrasts of the two treatments in the two compart
ments. Differences in the OTUs were assessed with t-tests for 
independent samples (QIIME 2). An analysis of similarities 
was performed to test for significance in the beta-diversity 
(QIIME 2). RT-qPCR data were analysed with Student’s 
t-tests for independent samples. In all tests, the alpha level 
was set at 0.05. If not stated otherwise GraphPad Prism 8 
was used for the analysis.

Data availability
The complete raw data (flow cytometry data, TTC staining, 
histology, MRI scans, microbiom data) is available under 
https://doi.org/10.25452/figshare.plus.c.6371439.

https://doi.org/10.25452/figshare.plus.c.6371439
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Results
Characteristics of the mice
A total of 136 C57BL/6 mice were randomly assigned to treat
ment with either anti-IL-17A or isotype IgG antibody intra
venously 1 h after tMCAO (45 min) in four independent 
research centres in Odense (Denmark), New York (USA), 
Hamburg, and Münster (Germany) (Fig. 1). Coded antibodies 
and filaments were provided by Hamburg. All participating 
surgeons, animal caretakers and researchers were blinded 
for the treatment groups. Primary endpoint was infarct size 
on Day 3 in ex vivo MRI scans, secondary endpoints included 
mortality, neutrophil infiltration and the Bederson score. 
Unblinding was performed following completion of the statis
tical analyses. In the anti-IL-17A group, eight mice were 
excluded for the following reasons: major haemorrhage 
(n = 2), absence of infarction on the MRI (n = 3) or destruc
tion of the brain during preparation (n = 3). In the isotype 
IgG control group, six mice were excluded for the following 

reasons: major haemorrhage (n = 2), undetectable infarct on 
the MRI (n = 1) or destruction of the brain during preparation 
(n = 3). The mortality until Day 3 was n = 3 in the IL-17A 
treatment group and n = 10 in the isotype control group. A to
tal of 109 mice was included in the per-protocol analysis of the 
primary endpoint (IL-17A treatment group n = 57; isotype 
control group n = 52).

Neutralization of interleukin-17A 
protects from ischaemic stroke and 
reduces mortality
Infarct sizes were determined in a blinded approach by the 
volume of the ADC lesion on post-mortem MRI scans. 
Three days following tMCAO, the mean infarct volume 
and SD in the pooled data set was 61.77 ± 31.04 mm3 in 
the anti-IL-17A treatment group and 75.66 ± 34.79 mm3 

in the IgG control group. To analyse the effects of IL-17A 
neutralization, we employed a linear-mixed model analysis 

Figure 1 Design and enrolment of the preclinical randomized multi-centre trial. Illustration of included and excluded animals. 
Mice were treated either with 500 μg of anti-IL-17A or 500 μg of IgG control 1 h following reperfusion. Randomization, distribution of antibodies 
and blinded analysis of infarct volumes were performed by the core laboratory in Hamburg. Only brains of mice that survived until Day 3 were 
included in the final analysis of infarct volumes.
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on the study cohort with the two investigators as random ef
fects, which revealed a significant reduction of infarct sizes in 
the anti-IL-17A treatment group compared with the IgG con
trol group (Fig. 2A and B). When analysing infarct sizes from 
single centres, we observed a significant effect in the 
Hamburg cohort (Supplementary Fig. 4A and B). 
Furthermore, mortality was significantly reduced in the 
anti-IL-17A group (Fig. 2C and D). The probability to die 
was more than three times higher for mice in the IgG control 
group than in the anti-IL-17A group (hazard ratio = 3.43, 
95% confidence interval = 1.157–10.18). Bederson scores 
(Supplementary Fig. 5A) and weight loss until Day 3 
(Supplementary Fig. 5B) did not differ between groups.

IL-17A neutralization reduces lesion 
size of large infarcts
Next, we analysed the effects of IL-17A neutralization on 
large infarcts (>30 mm3) with involvement of both cortical 
and striatal regions and small infarcts (<30 mm3), which 
are mainly affecting the striatum only. The pooled data 
showed that the neutralization of IL-17A significantly re
duced the volume of large infarcts (Fig. 3A). In contrast, an 
analysis of small infarcts showed no trend towards smaller 
infarct volumes in the anti-IL-17A group (Fig. 3B).

One of the main effects of IL-17A in infections and sterile 
immune responses is to induce the expression of neutrophil 

Figure 2 Neutralization of IL-17A significantly reduced infarct size and mortality. (A) Representative ADC weighted MRI images of 
mice treated with anti-IL-17A or IgG control (scale bar 5 mm). (B) Infarct volumes of both treatment groups from all centres (pooled data). Infarct 
volumes were analysed three days following tMCAO by MRI. The infarct volumes of rater one are shown in mm3. Graphs show mean ± SD. 
Statistical significance was assessed by linear-mixed model analysis (F(1,209) = 6.56, P = 0.01, n = 109). (C, D) Survival rate and number of dead 
mice. Statistical significance was assessed by a log-rank test (χ2

(1) = 4.15, P = 0.04, n = 123).

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
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attracting CXC-chemokines at the lesion site .14 The finding 
that we only detected a treatment effect of IL-17A neutraliza
tion in large infarcts with cortical involvement raised the 
question whether the IL-17A—neutrophil axis is predomin
antly activated in cortical areas.

To answer this question, we separately analysed the neu
trophil infiltration into the cortex and the striatum three 
days after tMCAO by flow cytometry in an independent co
hort (Hamburg). The analysis revealed significantly higher 
absolute numbers of infiltrating neutrophils in cortical areas 
than in the striatum (Fig. 4A, Supplementary Fig. 6), whereas 
absolute numbers of dendritic cells, macrophages, B cells, γδ 
T cells, Natural killer cells (NK cells), CD4+ and CD8+ T cells 
did not differ between cortex and striatum (Supplementary 
Fig. 6). Consistent with the absolute cell counts, the propor
tion of neutrophils in the infiltrating CD45high immune cells 
was significantly higher in cortical areas than in the striatum 
(Fig. 4B), while the proportions of macrophages, CD4+ and 
CD8+ T cells were lower in cortical areas when compared 
with the striatum (Supplementary Figs 7 and 8).

Next, we investigated the effect of IL-17A neutralization 
on neutrophil infiltration in brain tissue from a subset of 
mice from our multi-centre trial. Following MRI measure
ments, brains were sectioned, and absolute neutrophil 

numbers were quantified by immunohistochemical Ly6G 
staining. First, we observed that neutralization of IL-17A 
led to a significant reduction in the absolute number of neu
trophils in the ischaemic hemisphere (Fig. 4C). Second, in 
line with the flow cytometry data, we saw in the IgG control 
group that neutrophils predominantly migrated into cortical 
areas. When comparing the anti-IL-17A with the IgG control 
group, we found a highly significant inhibitory effect of 
anti-IL-17A treatment on neutrophil infiltration in the cortex 
but not the striatum (Fig. 4D and E).

In summary, our data suggest, that the IL-17A—neutro
phil axis is predominantly activated in large infarcts with in
volvement of cortical areas. A spatial activation of the 
IL-17A axis at the meningeal–cortical interface could also 
explain the treatment effect in large infarcts, whereas lesion 
size of small infarcts was not reduced by IL-17A 
neutralization.

The gut microbiome differs between 
the four centres
Interactions between the microbiota and the immune system 
affect the outcome following stroke.26 To evaluate any 
centre-specific differences in the composition of the micro
biome with a possible influence on stroke outcome, we se
quenced the variable regions v3 and v4 of the 16S rRNA of 
the gut bacteria. Specimens of 10 specific pathogen free 
mice of each centre were collected. The analysis of the 
OTUs revealed significant differences in the species diversity 
between most study centres (Fig. 5A and B). Furthermore, 
the principal coordinate analysis (PCoA) showed distinct 
clusters, clearly distinguishing the four test centres (Fig. 5C).

When analysing the effects of IL-17A neutralization in the 
individual centres, it became apparent that the anti-IL-17A 
treatment did not lead to a reduction in infarct size in one 
centre (Odense) (Supplementary Fig. 4A and B). In particu
lar, the colonization with SFB can affect IL-17A levels in 
T cells. Therefore, we additionally quantified SFB in the fae
ces of animals from the different centres by RT-qPCR.27 Of 
note, animals from Odense had significantly higher amounts 
of SFB compared with Münster and Hamburg, while in 
New York no SFB were detectable (Fig. 5D). Taken together, 
the microbiome and the SFB levels significantly differed be
tween the four test centres, and colonization with SFB was 
associated with a reduced response to IL-17A neutralization.

Discussion
Here, we report the results of an international multi-centre 
preclinical randomized and controlled trial on IL-17A neu
tralization in a murine ischaemia reperfusion stroke model. 
The objective of this pRCT was to evaluate short-term effects 
of IL-17A neutralization on infarct size three days after 
tMCAO. Using a precisely defined and uniform study proto
col, this pRCT demonstrated that neutralization of IL-17A 
reduces infarct sizes and improves survival. These findings 

Figure 3 IL-17A neutralization reduced the lesion size of 
large infarcts only. (A) Analysis of infarct volumes > 30 mm3 of 
both treatment groups (pooled data set). Infarct volumes of rater 
one are shown in mm3. Graphs show mean ± SD. Statistical 
significance was assessed by linear-mixed model analysis (F(1,179) =  

8.17, P < 0.01, n = 94). (B) Analysis of infarct volumes < 30 mm3 of 
both treatment groups (pooled data set, F(1,22) = 2.06, P = 0.17,  
n = 15).

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad090#supplementary-data
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are confirmatory and verify results from previously pub
lished independent single-centre studies, which demon
strated the protective impact of IL-17A neutralization on 
stroke outcome.13,14,19 In the stroke field, our study is the 
third positive preclinical trial overall with an inflammatory 
target. Previously, treatment with anti-CD49d and IL-1 re
ceptor antagonist showed beneficial effects in multi-centric 
preclinical studies.10,11

In response to the ‘replication crisis’, recent consensus 
statements emphasized the need for pRCTs to increase the 
translational impact of stroke research.28 Until today, most 
of the neuroprotective treatments which have shown to be ef
fective in animal studies have failed in clinical trials.3 The de
sign of preclinical studies is considered one of the main 
reasons for the failed translation. Experimental studies are 
often monocentric, whereas Phase III human trials are multi- 

Figure 4 IL-17A neutralization reduced neutrophil infiltration into the cortex. (A) Absolute numbers of neutrophils and (B) 
percentages of neutrophils of all infiltrating CD45high cells in cortical and striatal brain tissue three days following tMCAO of C57BL/6 mice. 
Graphs show mean ± SD. Statistical significance was assessed by Student’s t-test for dependent variables, (A) t(11) = 3.68, P < 0.01, n = 12; (B) 
t(11) = 3.8, P < 0.01, n = 12. Cell counts were determined by flow cytometry. (C, D) Ly6G+ cell counts per ischaemic hemisphere in the entire 
hemisphere (C) and divided into cortex and striatum (D) in representative anti-IL-17A (n = 9) and IgG control (n = 9) treated animals of our trial. 
Brains were processed for immunohistochemistry following MRI. Graphs show mean ± SD. Statistical analysis was performed with a two-factorial 
analysis of variances with repeated measures and Šidák’s multiple comparison test for pairwise comparisons (global: F(1,16) = 5.65, P = 0.03; 
cortex: t(32) = 3.41, P < 0.01; striatum: t(32) = 0.92, P = 0.6; n = 18). (E) Immunohistochemical staining of neutrophils (Ly6G+) in the cortex and 
striatum of mice from both treatment groups three days after tMCAO (scale bar 10 µm).
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centric.29 Common limitations of single-centre studies are in
adequate statistical and operational study design and poor 
reporting.30 However, these limitations are not unique to 
neurovascular research.3 Other fields in biomedical science 
including neurodegenerative diseases,31 spinal cord injury32

and cancer33,34 are equally affected by the translational road 
block. The dilemma is illustrated by a recently published 

reproducibility project in the cancer field. By repeating 50 ex
periments from 23 papers, the authors showed that median 
effect sizes in the replication experiments were 85% smaller 
than in the original experiments.34

One measure to overcome limitations of preclinical in vivo 
studies is to conduct rigorously reported international, ran
domized and blinded preclinical multi-centre studies 

Figure 5 The microbiome differed between the four centres. (A) Taxonomic summary of OTUs on phylum level, n = 10 from each 
centre. (B) Total numbers of OTUs for each centre. Graphs show mean ± SD. Statistical significance was assessed by pairwise Student’s t-tests 
for independent samples (New York versus Odense: t = 0.29, P = 1; New York versus Hamburg, t = 4.76, P = 0.001; New York versus Münster: 
t = −4.55, P = 0.004; Hamburg versus Odense: t = −4.48, P = 0.002; Hamburg versus Münster: t = −9.65, P < 0.001; Münster versus Odense: 
t = −4.88, P = 0.001; n = 10 in each centre). (C) Principal coordinate analysis (PCoA) of the family composition. Clusters of each centre are 
highlighted with an ellipse. Statistical testing was performed with an analysis of similarities (R = 0.78, P < 0.001, n = 40). (D) qPCR analysis for SFB 
presence in mice from the four different centres. Expression levels were normalized to corresponding SFB levels in mice from Odense. Log2 fold 
changes are shown as mean ± SD. SFB were not detectable in the New York cohort. Statistical significance was assessed by Student’s t-tests for 
independent samples (Hamburg: t(14) = 2.23, P = 0.04, n = 16; Münster: t(16) = 2.58; P = 0.02, n = 18).
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analogous to human clinical Phase III trials.29 Multi-centre 
trials with standardized protocols including an a priori 
power analysis are not only increasing external validity 
and inherent test reproducibility, they are also enhancing 
internal validity and transparency and facilitate 
enrolment.35-38 The design of our trial closely followed these 
proposed guidelines and therefore represents an important 
contribution to bridging the gap between preclinical experi
mental studies and human clinical trials in the stroke 
field.9,37

The overall design, implementation and enrolment of 
pRCTs is challenging. In order to conduct our study success
fully at the four study centres, we made the following conces
sions in the study design: (i) we defined infarct size instead of 
neurological outcome as primary outcome parameter and (ii) 
we did not analyse long-term outcome comparable to the 
modified Ranking Scale at 90 days following stroke which 
is the common primary endpoint in human Phase III trials. 
To meet these limitations in future pRCTs, neurological out
come at clinically meaningful time points like 90 days should 
be analysed to further increase the translational potential. 
However, in our case the a priori sample size calculation 
was based on previously published monocentric treatment 
effects on infarct volume at Day 3 after tMCAO.14

Consequently, our pRCT was not powered to assess effects 
of an IL-17A neutralization on long-term neurological out
come as it is standard practice in human stroke studies.39

Another major limitation of our study is the exclusive ana
lysis of young male mice but not female, aged or co-morbid 
mice. Especially age and gender should be considered in fu
ture pRCTs, since both variables shape IL-17A re
sponses.40,41 To account for these variables of high 
translational relevance and to demonstrate the efficacy of 
an IL-17A neutralization even in a heterogeneous study co
hort, the design of future pRCTs should include animals of 
different sex, comorbidities and age.

By individually analysing the effects of IL-17A neutraliza
tion in the single centres, we found significant effects in one 
centre only. The significant effect in our study cohort of 136 
mice is thus influenced by the overall sample size. This find
ing is not unexpected. Similar to our study, human rando
mized, controlled, multi-centre trials analyse the treatment 
effect on the primary outcome parameter in the entire study 
cohort and not in sub-groups.42

Over the last decades, experimental research decoded the 
major contribution of highly conserved pro-inflammatory 
cytokines to neuronal injury in stroke pathophysiology (re
viewed by Iadecola et al. 43). However, recent studies empha
sized the need to consider that most of these cytokines, 
including IL-17A, IL-1 and tumor necrosis factor (TNF), 
have pleiotropic functions in the brain beyond inflammation 
(reviewed by Salvador et al.44). For example, IL-17A+ γδ T 
cells populate the meningeal space under homeostatic condi
tions as part of the meningeal immunity.45 Interestingly, 
these meningeal γδ T cells are not only producing IL-17A 
in response to pathogens but provide basal IL-17A levels 
even in the absence of inflammation46 with effects on 

homeostatic behaviour and memory.45,47 Therefore, future 
studies should additionally examine possible pleiotropic ef
fects of anti-IL-17A treatment to comprehensively under
stand the consequences of therapeutic neutralization.

The pleiotropy of IL-17A effects in the brain is likely ex
plained by the nature of IL-17 receptor signalling. The net ef
fect of IL-17 receptor activation strongly depends on 
concomitant signals from other cytokines and other context
ual variables.48 During inflammation, IL-17A synergizes 
with strong NF-κB activators, such as TNF, which is rapidly 
upregulated in microglia and macrophages after stroke.49,50

Thus, the pro-inflammatory effects of IL-17A in the ischae
mic hemisphere depend on cooperative signalling with 
TNF.14 In line with the effects of IL-17A in acute immune de
fences, we demonstrated in our pRCT that the neutralization 
of IL-17A reduced migration of neutrophils into the ischae
mic brain tissue. Interestingly, IL-17A neutralization only re
duced neutrophil infiltration into the cortical tissue, whereas 
the recruitment into striatal areas was considerably low and 
not affected by anti-IL-17A treatment. The exclusive effect of 
IL-17A neutralization on cortical neutrophil infiltration 
might be, in part, explained by the localization of γδ T cells 
in the meningeal space, in direct proximity to the cortex, 
whereas γδ T cells are absent in sub-cortical areas and the 
striatum under homeostatic conditions.19,45,47 Another rea
son for the predominant accumulation of neutrophils in 
the ischaemic cortex may be the entry route of neutrophils 
via the leptomeninges. It was shown in the tMCAO model 
that neutrophils accumulate in the leptomeninges within 
the first 24 h after ischaemia.51 From the leptomeninges, 
neutrophils may be able to reach the ischaemic cortex via 
the subpial space and perivascular spaces of cortical 
vessels.52,53

Microbial cues have been previously reported to regulate 
the development and function of IL-17A+ T cell subsets in di
verse tissues, including the gut and the meninges (reviewed 
by Papotto et al.54). Particularly, SFB shape the polarization 
of IL-17A+ T cells. Accordingly, Ivanov et al.27 observed a 
shift towards increased IL-17A levels in the gut of mice colo
nized by SFB. Of note, alterations of the gut microbiota also 
affect stroke outcome via IL-17A+ γδ T cells. In a murine 
stroke model, intestinal dysbiosis led to a shift in IL-17A le
vels of meningeal γδ T cells.19 Consistent with our data, the 
aforementioned study showed that a reduction in IL-17A+ γδ 
T cells had a protective effect on neurological outcome after 
experimental stroke. In the present pRCT, we observed sub
stantial heterogeneity of the gut microbiome among the four 
participating centres, reflecting the heterogeneity in human 
cohorts.55 Thus, one can speculate that the heterogeneity 
of the microbiome in general and the frequency of SFB in par
ticular contribute to the variance in stroke sizes and mortal
ity between the four different centres in our pRCT. Since we 
did not determine IL-17A levels of γδ T cells in the individual 
centres within the framework of the pRCT, our data on the 
composition of the microbiome and the response to 
anti-IL-17A treatment are observational at this point. 
Therefore, further studies are needed to decipher the 
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influence of the microbiome on the post-ischaemic inflamma
tory response and the response to IL-17A neutralization.

The last 20 years have seen two milestones in acute stroke 
treatment: intravenous (i.v.) thrombolysis56 and more re
cently endovascular thrombectomy.57 Although restoration 
of blood flow is crucial for the successful treatment of large 
vessel occlusions, many patients still present with clinically 
severe deficits even after successful recanalization. In this re
spect, it is necessary to develop new therapeutic targets that 
modulate the post-ischaemic tissue injury and complement 
recanalizing therapies. This pRCT offers promising evidence 
that IL-17A may be such an immunomodulatory therapeutic 
target.

In conclusion, in this randomized trial, anti-IL-17A treat
ment reduced infarct sizes and mortality in young male mice. 
In addition, we demonstrated the feasibility of preclinical 
randomized controlled stroke trials for novel therapeutic 
targets.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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