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Stroke and the immune system: from pathophysiology to new 
therapeutic strategies
Richard Macrez, Carine Ali, Olivier Toutirais, Brigitte Le Mauff , Gilles Defer, Ulrich Dirnagl, Denis Vivien

Stroke is the second most common cause of death worldwide and a major cause of acquired disability in adults. 
Despite tremendous progress in understanding the pathophysiology of stroke, translation of this knowledge into 
eff ective therapies has largely failed, with the exception of thrombolysis, which only benefi ts a small proportion of 
patients. Systemic and local immune responses have important roles in causing stroke and are implicated in the 
primary and secondary progression of ischaemic lesions, as well as in repair, recovery, and overall outcome after a 
stroke. However, potential therapeutic targets in the immune system and infl ammatory responses have not been well 
characterised. Development of novel and eff ective therapeutic strategies for stroke will require further investigation of 
these pathways in terms of their temporal profi le (before, during, and after stroke) and risk-to-benefi t therapeutic 
ratio of modulating them. 

Introduction
Worldwide, around 15 million people have a stroke every 
year, and with about 5 million deaths, stroke is the 
second most common cause of death and a major cause 
of long-term disability. It is estimated that about 25% of 
people older than 85 years will develop a stroke.1 In the 
past 10 years, remarkable progress in understanding 
stroke pathophysiology has been made, especially in 
ischaemic stroke, which makes up 80% of all cases. 
These advances have led to the identifi cation of more 
than 1000 molecules with brain-protective eff ects from 
experimental models and to the implementation of more 
than 250 clinical trials.2 Despite all these eff orts, 
translation into eff ective therapies has failed. Reperfusion 
induced by alteplase (tissue plasminogen activator; tPA) 
is the only acute pharmacological treatment approved by 
the health authorities.3 

Systemic infl ammation is strongly linked to occurrence 
of stroke, and infl ammation might have deleterious 
eff ects during and after an event, triggering various 
cascades of damage. However, some recent data show 
that infl ammatory processes might also have benefi cial 
eff ects (fi gure 1).4–6 Such infl ammatory responses involve 
not only peripheral cells such as leucocytes, but also brain 
cells such as glial cells, endothelial cells, and neurons. In 
this Review, we assess the eff ects of innate and adaptive 
immune responses on the CNS and overall outcomes in 
patients with stroke, and discuss their contribution to 
stroke onset, ischaemic brain damage, and recovery 
(panel). We also discuss potential immune-based stroke 
therapies. We postulate that a better understanding of the 
interactions between the immune system and the CNS 
will foster the development of innovative therapeutic 
strategies for patients with stroke.

Origins of stroke: the role of infl ammation 
and the immune system
Thromboembolism is the most common mechanism of 
cerebrovascular occlusion, but stroke can also manifest 
as a complication of systemic infl ammatory disorders 
or autoimmune processes such as infl ammatory bowel 

disease, primary or secondary vasculitis, rheumatoid 
arthritis, or antiphospholipid syndrome.8 Compelling 
evidence links infl ammation (acute or chronic) and risk 
of stroke to systemic infection; for example, about 30% 
of patients with ischaemic stroke present with a recent 
antecedent infection,9,10 and stroke incidence increases 
with epidemics such as infl uenza pandemics. Nearly all 
types of infectious agent have been suggested to 
increase incidence of stroke.11–15 However, the risk of 
stroke might be associated with an aggregate burden 
rather than with an individual pathogen.16 Moreover, a 
range of host factors, including genetic ones, probably 
interact with infectious or infl ammatory conditions to 
infl uence the risk of vascular disease. Infl ammatory 
processes aff ect stroke incidence through several 
mechanisms, including thrombosis through the 
coagulation system, vasculopathy through vasculitis or 
altered vascular reactivity, and, most often, by 
atherosclerosis (fi gure 2).11,15,18–22

The prothrombotic state reported during infl ammation 
results from the activation of many cellular targets (eg, 
monocytes, macrophages, platelets, endothelial cells, and 
T lymphocytes), leading to an imbalance between 
procoagulant and anticoagulant molecules, an increased 
production of cytokines (interleukin 1β, 4, 6, and 10, 
tumour necrosis factor [TNF], and interferons and 
chemokines such as monocyte chemotactic protein-1), and 
an altered production of adhesion molecules (P-selectin, 
E-selectin, L-selectin, vascular cell adhesion molecule 1 
[VCAM1] and intercellular adhesion molecule 1 [ICAM1], 
and integrins such as CD11a-c).8,11,15,18–22 Circulating cells are 
thus recruited to the endothelial wall and promote local 
infl ammatory events. 

Besides vasculitis, infl ammation can also induce various 
processes in the cerebral microvasculature, such as 
blood–brain barrier leakage (partly mediated by matrix 
metalloproteinases [MMPs]), sequestration or adhesion of 
red blood cells on endothelial cells (leading to apoptosis of 
the latter), and platelet activation or aggregation.11,15,18–22 
Among the recruited leucocytes, neutrophils, natural killer 
cells, dendritic cells, and macrophages produce mediators 
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that further activate or even damage endothelial cells 
through activation of nitric oxide synthase (iNOS) and 
cyclooxygenase-2 (COX-2) pathways. Together, these events 
favour a T-helper-type-1 (Th1) environment for infi ltrating 
T lymphocytes and induce their activation.23–25 Conversely, 
some experimental studies suggest that preinfections 
might have a protective role by increasing neurogenesis, 
promoting anti-infl ammatory responses, inhibiting 
macrophage and T-cell accumulation within atherosclerotic 
lesions, and producing neuroprotective molecules and free 
radical scavengers, leading to a form of preconditioning.26–30 

However, the consensus at present is that the cumulative 
eff ect of previous infl ammation on stroke incidence is 
negative and suggests that infl ammation is an important 
therapeutic target for stroke prevention. 

Brain–immune system interactions and 
infl ammation in stroke: the acute phase
Ischaemic stroke results in an abrupt deprivation of 
nutrient supplies that quickly leads to irreversible damage 

in the core of the aff ected area. Secondary processes, such 
as excitotoxicity, oxidative stress, and mitochondrial 
disturbances, spread cellular damage into the partly 
preserved peri-infarct area (penumbra). Ischaemia-
reperfusion injury also induces a robust infl ammatory 
response31 that might be necessary for tissue repair and 
regeneration in advanced stages.32 Minutes to hours after 
onset of cerebral ischaemia, a cascade of infl ammatory 
events is initiated through activation of resident cells 
(including microglia) and recruitment of circulating 
leucocytes. Primary signals that trigger upregulation of 
infl ammatory mediators are endogenous molecules 
(damage-associated molecular patterns [DAMPs]) released 
from dying cells, such as high-mobility group box 1 
(HMGB1), hyaluronan, or heat shock proteins.33 Many 
DAMPs are sensed by Toll-like receptors (TLRs), a receptor 
family with broad cellular expression originally described 
as microbial sensors of the innate immune system. Studies 
of TLR-2-defi cient or TLR-4-defi cient mice34,35 reported that 
these TLRs have a harmful eff ect through increasing 
stroke-induced lesion and infl ammation. Recently, a study36 
showed that TLR-2 and TLR-1 require the recruitment of 
CD36 as a co-receptor to promote the infl ammatory 
responses and tissue damage evoked by cerebral ischaemia 
in rodents. TLR-2 may also be a therapeutic target to 
prevent atherosclerosis, since these receptors mediated 
infl am mation in an in-vitro model of human 
atherosclerosis.37 However, agonists of TLR can induce 
protective preconditioning.38,39 Among the most studied 
DAMPs is HMGB1—a ligand of TLR-2, TLR-4, and 
advanced glycation end product (RAGE)—which is 
released by damaged cells and exerts a deleterious 
proinfl ammatory eff ect in ischaemic rodents.38,40,41 However, 
HMGB1 could have a biphasic action, with an acute 
infl ammatory noxious eff ect at the early stage, followed by 
a promotion of repair processes later on, including 
neurogenesis and angiogenesis; this delayed benefi cial 
response is associated with HMGB1-positive reactive 
astrocytes.42,43 Strategies that interfere with DAMP-receptor 
pathways might be a promising approach to restrict 
infl ammation processes. Downstream of DAMP-receptor 
signalling, infl ammatory mediators such as cytokines 
(interleukin-1β, TNF, and interleukin-6), chemokines, 
nitric oxide, and reactive oxygen species are released, 
exacerbating cell death and eventually leading to 
dysfunction of the blood–brain barrier.44 Cytokines and 
chemokines induce upregulation of adhesion molecules, 
including P-selectin, E-selectin, and ICAM1 on the vascular 
endothelium, attracting and homing circulating leucocytes 
into the cerebral parenchyma.

Interleukin-1β is the prototypical proinfl ammatory 
cytokine produced after ischaemia-reperfusion. The 
deleterious eff ect of interleukin-1β in cerebral ischaemic 
injury is well documented.45–49 By contrast, the role of TNF 
in stroke is not clear because both noxious and benefi cial 
eff ects have been reported. TNF’s role probably depends 
on the cellular target and the corresponding selective 
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Figure 1: Complex interactions between peripheral infl ammation (which might underlie stroke occurrence or 
atherosclerosis), stroke-induced brain infl ammation, and responses of the peripheral innate and adaptive 
immune systems to stroke (infl ammation, immunodepression, autoreactivity, or protective immunity)
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signalsome recruited after binding to TNF receptors.50–52 
The kinetics of recruitment of the diff erent infl ammatory 
cells is under debate, but it is accepted that neutrophils 
lead the migration into the brain parenchyma, followed by 
macrophages and lymphocytes a few days after injury.53,54 
Additionally, dendritic cells might accumulate, but the role 
of these key infl ammatory cells in ischaemia remains to be 
established.54 Lymphocytes have a crucial function in 
infl ammatory processes and are strongly associated with 
deleterious eff ects in stroke, as noted in T-cell and B-cell 
defi cient mice, which have a strikingly reduced infarct size 
after transient focal ischaemia.55 Administration of the 
immunosuppressive drug fi ngolimod, which among other 
eff ects inhibits T-cell infi ltration into infl ammatory tissues, 
also reduced infarct volumes in a mouse model of 

ischaemia.56 Progress has been made in understanding the 
role of diff erent T-cell subsets in ischaemic infl ammation.57 
Shichita and colleagues56 reported that a late infi ltration of 
γδ T cells was associated with the neurological injury. Their 
experiments with interleukin-17 or interleukin-23 knockout 
mice show that interleukin-17 produced by these γδ T cells 
was involved in the pathogenic mechanism and its 
expression was dependent on interleukin-23, which is a 
cytokine mainly secreted by blood-derived macrophages 
when they infi ltrate the brain.56

In mice, depletion of CD4/CD25/FOXP3-positive 
regulatory T cells with a specifi c anti-CD25 monoclonal 
antibody increases the size of the ischaemic lesion and 
upregulates proinfl ammatory cytokines such as TNF, 
interleukin-1β, and interferon.17 The neuroprotective eff ects 
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Infl ammation
A physiological process that aims to limit tissue damage or 
infection, remove dead cells and debris, and promote tissue 
remodelling and regeneration (irrespective of the initiator 
stimulus). However, infl ammation might have adverse eff ects 
through collateral cellular damage, in particular in the brain 
parenchyma after a stroke.

Neuroinfl ammation
Infl ammatory reactions that occur in the nervous system, 
including anything from simple induction of infl ammatory 
mediators to more complex activation of lymphocytes. Some 
cells in the nervous system express MHC molecules and can thus 
act as antigen-presenting cells to regulate T cells. Notably, 
neurons that do not express MHC molecules can control the 
function of T cells.7

Immune system
A system that preserves tissue homoeostasis of the host when 
threatened by a pathogen or sterile injury (eg, ischaemia) via 
two mechanisms: innate (non-specifi c) immunity and adaptive 
immunity.

Innate immunity
Immune response that begins immediately after injury or 
infection and relies on various cell types including polynuclear 
cells, macrophages, and dendritic cells, as well as resident cells 
from tissue lesions such as endothelial cells or microglia. These 
cells recognise danger signals (damage-associated molecular 
patterns [DAMPs]) released upon tissue injury. Engagement of 
broad-specifi city receptors such as Toll-like receptors by DAMPs 
triggers an infl ammatory response marked by the release of 
proinfl ammatory cytokines and chemokines and recruitment 
of innate immune cells. 

Adaptive immunity
An antigen-specifi c immune response dependent on 
lymphocytes that have antigen-specifi c receptors. Unlike innate 
immunity, cells of adaptive immunity develop memory against 
the stimulating antigen. 

Full activation of antigen-specifi c T lymphocytes
A process that needs co-stimulatory molecules expressed on 
antigen-presenting cells following recognition of danger 
signals.

Immune responses
Responses are regulated by several subsets of CD4 T-helper (Th) 
cells characterised by their cytokine secretion. Th1 cells produce 
interferon-γ, which is involved in macrophage activation and 
leads to cell-mediated immunity, whereas Th2 cells release 
interleukin-4, which stimulates the production of antibodies by 
B cells. Interleukin-17-producing T cells (Th17 cells) are a newly 
described subset implicated in infl ammatory response. The 
simplistic view of Th1−Th2 dichotomy is far from the true 
complexity in human diseases because Th polarisation is 
relatively easy to defi ne in murine models whereas clear 
distinctions between Th patterns are more diffi  cult to establish 
in human beings.

γδ T cells
Innate T cells with a T-cell receptor that is distinct from that of 
conventional αβ T cells. γδ T cells do not recognise antigens 
displayed on MHC molecules but rather recognise specifi c 
ligands expressed on stressed or infected cells but not healthy 
cells.

Natural regulatory T cells
Cells express CD4, CD25, and the transcription factor forkhead 
box P3 (Foxp3) and are involved in the maintenance of 
peripheral tolerance. These cells act by cell-to-cell contact and 
by release of immunosuppressive cytokines such as 
interleukin-10 or transforming growth factor-β. Other subsets 
of regulatory cell have also been described (eg, CD8 T cells, 
B cells, or myeloid-derived suppressive cells).

Mucosal tolerance
A peripheral tolerance mechanism induced by exposure to 
antigens at mucosal surfaces.

Panel: Key terms to understand the immune responses before, during, and after stroke
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of regulatory T cells were mediated by interleukin-10. 
Conversely, Ren and colleagues58 could not confi rm that 
regulatory T cells were involved in restricting the area of 
brain ischaemic injury. Hence, the role of regulatory T cells 
in stroke needs to be clarifi ed. Besides infi ltrating 

leucocytes, neurons, astrocytes, and microglia also 
participate in ischaemic brain injury, through release of 
proinfl ammatory mediators.45,50,59,60 Under infl ammatory 
conditions, however, activated microglia can convert to a 
macrophagic phenotype and thus also exert a 
neuroprotective infl uence by phagocytosis of necrotic cells 
and secretion of neurotrophic factors such as brain-derived 
neutrophic factor or insulin-like growth factor I.4–6,61–63

Many studies suggest that infl ammation has a 
deleterious eff ect41,45,50,59,60,64,65 that amplifi es ischaemic injury 
and hence is a potential target for neuroprotective 
treatments to prevent cell death in the penumbra. 
However, some evidence suggests that infl ammation is 
also involved in recovery and repair after ischaemic brain 
damage,4–6,61–63 although this notion is controversial and 
needs further study. Overall, a better understanding of the 
specifi c roles of infl ammatory cells is needed, in particular 
about the kinetics of their recruitment and their relative 
contributions to each step of stroke. Notably, the emerging 
and intriguing role of diff erent T-cell subsets needs to be 
established. Such information would help to defi ne the 
therapeutic window in which the potential benefi cial 
eff ects of infl ammation in brain recovery in advanced 
stages of ischaemia could be preserved (fi gure 2).

CNS and the immune system after stroke
The nervous and the immune systems engage in a 
bidirectional communication that aims to maintain 
homoeostasis in the whole organism. Stroke (as any acute 
lesion of the CNS) can disturb this generally well balanced 
interaction. Briefl y, ischaemic brain tissue releases factors 
such as cytokines and neurotransmitters that can reach 
chemosensitive brain areas involved in immune control 
such as the hypothalamus,66–72 where they can in turn 
activate, for instance, the sympathetic nervous system. 
Damage to cortical regions involved in immune 
regulation, such as the insula, can lead to loss of tonic 
inhibition and thus activation of hypothalamic areas. 
Furthermore, infl ammatory mediators can be released 
from the damaged brain tissue and enter the systemic 
circulation where they act on cells of the immune system 
in the blood and secondary lymphatic organs or, through 
the bloodstream, activate the brain via chemosensors.66 
Besides immunomodulatory signalling specifi c to a brain 
lesion,73 stroke is a strong unspecifi c stressor (eg, sudden 
loss of relevant bodily functions, fear, or sense of 
emergency) and activates immunomodulatory systems 
such as the hypothalamic–pituitary axis and the 
sympathetic nervous system.74 Within a few hours after 
the onset of cerebral ischaemia, brain–immune system 
interactions can result in a downregulation of systemic 
immunity termed stroke-induced immunodepression 
(SIDS).66 Almost all immune cells have numerous 
noradrenaline receptors, which can be activated by 
circulating epinephrine produced by the adrenal medulla 
or via the dense innervation by postganglionic sympathetic 
fi bres of lymphoid organs. Noradrenaline stimulates 

Figure 2: Infl ammatory mechanisms before and after stroke
(A) Infl ammatory mechanisms that promote stroke: infection and infl ammatory disorders can contribute to trigger 
cerebral ischaemia through pathophysiological processes such as vasculitis, changes of vascular reactivity, and 
especially atherosclerosis. (B) The acute phase of infl ammation after stroke: ischaemia causes cell death in the brain 
parenchyma and subsequent release of endogenous molecules termed damage-associated molecular patterns 
(DAMPs) from dying cells. DAMPs trigger a cascade of infl ammatory events that contribute to activation of 
resident cells (microglia and astrocytes) and recruitment of circulating leucocytes (neutrophils, macrophages, 
dendritic cells, and T lymphocytes). Production of infl ammatory mediators exacerbates neuronal injury. Conversely, 
activated resident cells might produce trophic factors that promote tissue repair and recovery. A potential role of 
regulatory T cells in restricting brain ischaemic injury has been proposed.17
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interleukin-10 production by blood monocytes. Overall, 
noradrenaline decreases the number and the activity of 
immune cells through its pleiotropic eff ects. 
Glucocorticoids, which are produced as a result of stress-
induced stimulation of the hypothalamic–pituitary-axis, 
are also well known immunosuppressants.66 

After a stroke, patients often have impairments in 
swallowing and are therefore at high risk of aspiration. 
They are also exposed to the challenging microbial 
environment of intensive care. Infections are the most 
prevalent and relevant complications after stroke: 
pneumonia is the main cause of death in such patients75 
and has a substantial negative eff ect on recovery and 
rehabilitation. Since its description in clinical stroke,76 
many studies have confi rmed the existence of SIDS in 
experimental77 and clinical78–80 stroke and shown a strong 
correlation between immunodepression, sympathetic 
nervous system activation, and outcome.81 For example, 
concentrations of metanephrine in blood are as robust 
for prediction of clinical outcome as they are for stroke 
severity,80 and markers of SIDS, such as decreased 
expression of HLA-DR on monocytes, predict risk 
of infection.82

Nonetheless, immunodepression after stroke might 
also have an adaptive component. As a result of stroke, 
the blood–brain barrier is disrupted; CNS-specifi c 
antigens are exposed to the immune system and may 
enter the systemic circulation. Downregulation of the 
immune system could help prevent autoaggressive 
responses. Although the general response to stroke could 
be a decrease in the number of immune cells and 
subsequently of their function, further complexity ensues 
as some immune-cell subtypes could increase (eg, 
regulatory T cells). Little is known about the consequences 
of these changes in circulating immune cells on the 
brain, but there are indications that they might be 
involved in brain protection and repair.63,83 

Immune responses against antigens are determined 
by the microenvironment of the tissue in which they 
occur. Co-stimulatory molecules are necessary for the 
priming of immune responses. Such molecules are 
weakly expressed in the healthy brain, but become 
upregulated after brain damage such as a stroke. 
Furthermore, systemic infection, which often occurs in 
patients after a stroke, leads to upregulation of 
co-stimulatory and MHC class I and II molecules in the 
periphery and the brain, thus facilitating activation of 
T cells and B cells against endogenous brain antigens.84 
As a result of systemic infl ammation—for example, 
during infection—cytokines are produced outside and 
within the brain and mediate aspects of sickness 
behaviour.85 Infection after a stroke might thus lead to an 
exacerbated proinfl ammatory phenotype.

Within hours, stroke induces systemic immune changes 
that last for weeks77 and can aff ect clinical outcomes. SIDS 
at least partly explains the high risk of infection in patients 
after a stroke, and might thus be indirectly responsible for 

the production of infl ammatory and co-stimulatory 
mediators that in turn negatively aff ect the brain lesion. 
Whether these deleterious eff ects of brain–immune 
interactions after stroke are off set, at least partly, by their 
benefi cial eff ect on brain repair or the restricted 
development of CNS autoaggression is unclear.

Infl ammation and immunity as targets for 
stroke prevention
Numerous clinical trials have investigated the eff ects of 
anticoagulants (eg, low-molecular-weight heparins or 
warfarin), anti hypertensive molecules, antiplatelet agents 
(eg, aspirin, clopidogrel, dipyridamole, ticlopidine, trifl usal, 
GPIIa/IIIb inhibitors, or lotrafi ban), or lipid-lowering 
drugs (eg, statins) on prevention of stroke occurrence or 
recurrence.86 Several of these strategies are presently being 
used to target the immune system.

The MOSES trial,87 which tested the effi  cacy of an 
angiotensin type 1-receptor antagonist (eprosartan) 
versus a calcium-channel blocker (nitrendipine) in 
1352 patients, showed that eprosartan reduced the risk 
of recurrent acute stroke by about 25%. Similarly, 
PROGRESS88 reported a 28% relative risk reduction 
(95% CI 17–38%; p<0·0001) in the primary endpoint of 
cardiovascular events in 6105 patients who were 
randomly assigned to perindopril or control. Multiple 
trials have shown that antihypertensive drugs targeting 
the renin-angiotensin system can reduce stroke 
incidence. Beyond pharmacological strategies targeting 
this system, there are other interesting attempts to 
manipulate immune-system targeting molecules 
involved in blood-pressure regulation. PMD311789 and 
Cyt006-AngQb90 vaccines directed against angiotensin I 
and angiotensin II, respectively, have been tested in 
phase 2 trials and were inferior in their eff ect on blood 
pressure compared with pharmacological inhibitors of 
the renin-angiotensin system. Nevertheless, strategies 
to improve the effi  cacy of such vaccines might confer 
substantial benefi ts for stroke prevention in the future 
by increasing the proportion of patients who are treated 
for hypertension, as these patients might more readily 
accept vaccination twice a year than pills every day. 
However, the long-term eff ects of such strategies 
remain unassessed.91

Finally, because infectious agents seem to be risk factors 
for stroke, the argument for treating or preventing infection 
is well founded. For example, in one study92 dual 
pneumococcal and infl uenza vaccination was associated 
with a reduced number of cases of ischaemic stroke than 
was reported for unvaccinated patients. The benefi cial 
eff ect of infl uenza vaccination alone93 is debated.94 Age-
dependent eff ects of vaccination, and the need to test 
vaccination together with antiviral strategies such as use of 
neuraminidase inhibitors, are being discussed.95 Notably, 
prior infection has been suggested to increase haemorrhagic 
complications after thrombolysis with alteplase, but more 
data are needed.96
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Immunomodulation to restrict brain-tissue 
damage after stroke
As previously detailed, strong experimental evidence 
supports the role of leucocyte recruitment by adhesion 
molecules, cytokines, and chemokines in ischaemic 
damage. Clinical studies support the therapeutic relevance 
of this pathway, and show increased ICAM1 expression in 
the cortex and increased circulating concentrations of 
soluble ICAM1 after ischaemic stroke.97 In experimental 
models, co-infusion of antibodies targeting ICAM1 led to a 
signifi cant improvement in neurological outcome when 
combined with tPA-induced thrombolysis, suggesting that 
ICAM1 blockade might improve functional outcome and 
extend the therapeutic window for thrombolysis.98 Clinical 
trials were undertaken to investigate the therapeutic 
effi  cacy of anti-ICAM1 treatment in ischaemic stroke. In a 
prospective phase 3 study99 of 625 patients, administration 
of anti-ICAM murine monoclonal antibodies (enlimomab) 
within 6 h after onset of symptoms increased mortality 
and infarct volumes and caused severe side-eff ects 
(modifi ed Rankin scale score was worse in patients treated 
with enlimomab than it was in those given placebo; 
p=0·004). The negative eff ect of enlimomab was noted on 
day 5, day 30, and day 90 of treatment (p=0·005).99 The 
failure of the anti-ICAM1 trial might be explained by the 
fact that the murine antibody might activate neutrophils 
through complement-dependent mechanisms and by 
experimental data showing that anti-ICAM1 antibodies 
increased E-selectin and P-selectin expression, and 
activation of neutrophils through complement-dependent 
mechanisms, resulting in an increase in infl ammation 
and lesion.100–102

Other strategies have been designed to block the cytokine 
cascade that is induced after stroke by use of recombinant 
human interleukin-1 receptor antagonist (interleukin-1Ra). 
After positive results in experimental models,103 a 
randomised phase 2 study104 of 34 patients who had acute 
stroke (mainly ischaemic cases) reported the safety of this 
strategy and improved clinical outcomes at 3 months. In 
this study,104 30% of patients receiving interleukin-1Ra had 
a modifi ed Rankin scale score of 0–1 at 3 months compared 
with 7% of those receiving placebo; a phase 2b trial is 
needed to investigate the effi  cacy of this approach.

Another promising strategy is the induction of 
mucosal tolerance with repeated low-dose intranasal 
administration of E-selectin, which causes a shift in 
immune responses from proinfl ammatory to anti-
infl ammatory and might even induce regulatory T cells. 
In rats, this immuno modulatory approach prevented 
ischaemic and haemorrhagic stroke.105 The safety and 
eff ectiveness106 and maximal tolerable dose107 of E-selectin 
is under investigation in two clinical trials (NCT00012454 
and NCT00069069). 

Other therapeutic approaches, such as the use of the 
antibiotic minocycline, showed promising results in 
animal models by reducing brain damage and promoting 
CNS repair.108,109 This tetracycline might exert 

anti-infl ammatory activities through modulation of 
microglial activation, immune-cell activation, and thus 
subsequent release of cytokines, chemokines, lipid 
mediators of infl ammation, and MMPs.110,111 Minocycline 
might also reduce the harmful pro-bleeding eff ects of 
alteplase.112 After initial positive results suggesting an 
improvement of neurological outcomes,113 the MINO 
phase 2 trial114 (NCT00630396) is presently investigating 
the safety of diff erent doses of minocycline in patients 
after stroke; preliminary evidence suggests that 
minocycline is safe and well tolerated either alone or in 
combination with alteplase.

Experimental evidence strongly suggests that both 
exogenous tPA (alteplase, injected intravenously) and 
endogenous tPA (produced and released by injured 
neurons) interact with the NR1 subunit of N-methyl-D-
aspartate (NMDA) receptors, leading to increased 
glutamatergic signalling and subsequent promotion of 
excitotoxic or ischaemic neuronal death.115–121 Strategies of 
active and passive immunisation to prevent this interaction 
were shown to effi  ciently counteract the aggravating eff ect 
of tPA on excitotoxic or ischaemic injuries.121,122

Although translation from bench to bedside has not been 
successful yet, strategies combining either anti-
infl ammatory drugs or neuroprotectants with thrombo-
lytics are promising and need to be further studied. 

Diffi  culties in translation from bench to bedside 
and research priorities
With a few exceptions, positive laboratory results have not 
resulted in eff ective treatments for patients after a stroke. 
However, only a few trials have targeted infl ammation or 
the immune system. What can we learn from past failures, 
and what are the prerequisites and prospects for future 
success in targeting infl ammation and the immune system 
to prevent stroke, to minimise damage once it has occurred, 
and to foster regeneration and repair?

First, the general question of whether animal models 
of stroke can recapitulate human pathology and predict 
success in clinical trials needs to be addressed. Many 
articles have assessed this point,123 which includes 
diff erences in vascular supply, kinetics of lesion 
evolution, confounding eff ects of anaesthesia, diffi  culties 
in assessment of functional outcomes, and defi ciencies 
in the quality of preclinical trials. Accordingly, the Stroke 
Therapy Academic Industry Roundtable (STAIR) has 
provided substantial recommendations to improve the 
success of translation from bench to bedside. Some of 
these recommendations concentrate on crucial 
diff erences between rodents and human beings and thus 
emphasise the need for studies into pharmacokinetics 
and pharmacodynamics, time to treatment, as well as 
inclusion of risk factors (especially ageing) and the need 
to use large animals.124 Nonetheless, investigators need 
to consider specifi c issues about the translational 
roadblock when targeting immunological mechanisms. 
Animals used in stroke research live in conditions that 
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are sterile or almost free of pathogens, and thus have 
comparatively little exposure to foreign antigens. 
Moreover, rodents have a lymphocytic diff erential blood 
count compared with human beings. Nevertheless, when 
direct comparison has been possible, it is reassuring that 
rodents had similar changes in adaptive and innate 
immunity to human beings after stroke.77,82 However, to 
further improve prediction we should consider inclusion 
into our models of confounders related to infl ammation, 
such as animals with atherosclerosis or pre-existing 
acute or chronic infections. 

A relevant concern relates to the potential risks involved 
with the use of therapeutic immunomodulation to treat 
stroke. Negative fi ndings from other indications include 
life-threatening side-eff ects in a phase 1 trial of the anti-
CD28 monoclonal antibody TGN1412 that was intended 
for the treatment of multiple sclerosis,125 a rare but severe 
side-eff ect (progressive multifocal leucoencephalopathy) 
of the monoclonal antibody directed against the α4 
subunit of integrins (natalizumab, an approved multiple-
sclerosis treatment),126 and meningoencephalitis as a 
side-eff ect of an amyloid-β vaccine in patients with 
Alzheimer’s disease.127 Clearly, we need to be very alert to 
potential risks when targeting the immune system and 
carefully balance risk-to-benefi t ratios. Patients with 
chronic infl ammatory diseases, such as rheumatoid 
arthritis, who might be at risk of infection or reactivation 
of viral infections, have successfully been treated with 
immunomodulatory therapies, such as rituximab, a 
chimeric anti-CD20 mono clonal antibody that depletes 
B cells.128 These fi ndings prove that modulation of the 
immune system in elderly and severely ill patients, when 
done cautiously, can be safe.

Another reason not to rush into clinical trials targeting 
the immune system in patients with stroke lies in the 
fact that our current knowledge of the underlying 
pathophysiology is patchy at best. Importantly, although 
negative consequences of brain infl ammation after stroke 
have been documented, there is some evidence that 
infl ammatory mechanisms contribute to lesion 
containment or even regeneration and repair. The good 
and bad sides of infl ammation after stroke need to be 
clarifi ed, and the diff erential kinetics of deleterious and 
potential protective or regenerative mechanisms need to 
be established. For example, MMPs, such as MMP-9, 
were reported to show deleterious eff ects during stroke, 
but increased concentrations of these enzymes seem to 
promote brain recovery after stroke.129 Accordingly, 
pharmacological approaches targeting MMPs (or any 
infl ammatory mediator) need to be optimised for acute 
inhibition at the right moment (ie, to prevent damage 
without compromising benefi cial eff ects).130,131 
Furthermore, whether protection of one cell type 
necessarily protects other cell types in the neurovascular 
unit is not known. In this respect, it is encouraging that 
dipyridamole, a platelet inhibitor used for stroke 
prevention, might also have anti-infl ammatory and 

antioxidative eff ects, and might indirectly protect neurons 
through prevention of hypoxia-induced endothelial 
cytotoxicity.132,133

In terms of peripheral immunity in stroke, we are only 
beginning to understand the eff ects of the adaptive 
immune system in the pathophysiology of stroke. Some 
eff ects, such as SIDS, which increases the risk for infection, 
are negative, but in other circumstances could balance 
stroke-induced autoimmunity; for example, immune cells 
might react against brain epitopes that are normally well 
shielded but get exposed after stroke. Novel investigations 
are needed to disentangle destruction and protection to 
safely and eff ectively modulate the immune system in 
patients after a stroke. 

Experimental and clinical data justify cautious optimism 
that infl ammation and immunity might one day be 
targeted to prevent stroke and to minimise its eff ects. In 
view of recent failures in the development of stroke 
treatments, the potential risks of such therapies, and the 
incomplete understanding of the underlying mechanisms, 
we advocate a cautious approach. Indeed, because of the 
complexities of the interactions between the immune 
system and the CNS during and after stroke, it is diffi  cult 
to pinpoint a mechanism as the most promising target or 
approach. Although immunomodulation of peripheral 
immune responses might carry a risk (eg, the phase 1 
clinical trial134 of TGN1412, which attempted to test anti-
CD28 antibodies to boost regulatory T cells), we believe 
that such strategies could eventually lead to a viable 
approach to improve stroke outcomes. Presently, clinical 
translation might be near for strategies that modulate 
innate immunity and infl ammation in the brain, fi rst 
through dampening deleterious hyperinfl ammation 
(classic anti-infl am ma tion) or chronic infl ammation135 (eg, 
pro-resolving drugs to overcome chronic infl ammation 
and infl ammation resolution defi cits), and second by 
allowing infl ammatory mechanisms to clear debris, restrict 
the spread of the lesion, and contribute signals that foster 
recovery and repair.

Thus, a more comprehensive understanding of the 
endogenous immune responses, in particular with respect 
to diff erent stages in the evolution of stroke pathology, 
from its prevention to recovery after stroke, could help us 
to design safe immunomodulatory strategies with 
substantial benefi ts for patients.

Search strategy and selection criteria
We searched the Medline database for articles and reviews 
published in English between Jan 1, 2000, and Jan 1, 2011, 
with the terms “stroke(s)”, “isch(a)emi(a/c)”, “infl ammation”, 
and/or “infection”. We mainly selected publications in the 
past 5 years, but did not exclude commonly referenced and 
highly regarded older publications. We also searched the 
reference lists of articles identifi ed by this search strategy 
and selected those we judged relevant.
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