Dynamics of T cell responses after stroke
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Abstract

T cells are integral to the pathophysiology of stroke. The initial inflammatory cascade leads to T cell migration, which results in deleterious and protective effects mediated through CD4(+), CD(8)+, γδ T cells and regulatory T cells, respectively. Cytokines are central to the immune responses, with key roles established for TNF-α, IFN-γ, IL-17, IL-21 and IL-10. Through communication with the systemic immune system via neural and hormonal pathways, there is also transient immunosuppression after severe strokes. With time, the inflammatory process eventually transforms to one more conducive of repair and recovery, though some evidence also suggests ongoing chronic inflammation. The role of antigen-specific T cell responses requires further investigation. As our understanding develops, there is increasing scope to modulate the T cell response after stroke.
Highlights

· T cells, namely CD4(+), CD8(+), γδ T cells and Tregs, are integral to the immune response to stroke, mediating their effects either directly or through modulation of the inflammatory milieu.
· Both inflammatory and protective, and antigen-specific and independent, roles are described, with discrepancy potentially attributable to use of different stroke models.

· The acute response facilitates the eventual shift towards recovery and repair, but may also be associated with chronic inflammation.

· As understanding of these processes develops, there is an increasing trend towards successful implementation of therapeutic agents to limit the injury resulting from this potentially catastrophic event.
Introduction
It is increasingly recognized that the adaptive immune system plays an important pathophysiological role in stroke 
 ADDIN EN.CITE 
[1-4]
. While the majority of experimental studies have focused on the early protective and detrimental effects of different T cell populations, recent work points to a potential role also in post-stroke repair and neurodegeneration. This article offers a concise overview of recent advances in the understanding of T cell dynamics after stroke.
Inflammatory response in the brain
The onset of stroke triggers multiple inflammatory cascades in the brain and in the systemic immune system 
 ADDIN EN.CITE 
[1-3]
. Microglial cells rapidly sense changes in the ischemic milieu [5]. Upon their local activation, they upregulate MHC class II molecules, and express and secrete inflammatory cytokines including tumour necrosis factor alpha (TNF-α) and interleukin (IL)-1 
 ADDIN EN.CITE 
[6]
. Upon injury, neurons and other damaged brain cells release a number of molecules that function as danger-associated molecular patterns or alarmins [7]. These mediators bind to pattern recognition receptors on various cells and lead to their activation [7]. In response to brain ischemia, cerebral microvessels become more permeable to molecules that are normally prevented from crossing the blood-brain barrier [8]. Moreover, the distinct immunological blood-brain barrier is substantially altered after ischemia [9]. Post-capillary venules and the choroid plexus upregulate the expression of adhesion molecules. Together with the secretion of chemokines, these changes facilitate the immigration of systemic immune cells, including T cells, into the ischemic or haemorrhagic brain 
 ADDIN EN.CITE 
[1, 3, 10, 11]
. To this end, the choroid plexus takes a central role in the regulation of immune cell recruitment, based on the integration of signals received from the CNS parenchyma [12].
Cell migration

Corresponding to upregulation of adhesion molecules on endothelial cells, integrins serve similar functions on activated leukocytes. Leucocyte recruitment into the brain after experimental stroke follows a specific temporal profile 
 ADDIN EN.CITE 
[13]
; aggregation of microglia and migration of macrophages is observed before infiltration of neutrophils, dendritic cells and lymphocytes to the site of the lesion 
 ADDIN EN.CITE 
[13]
. Intriguingly, not all immune cells enter the brain parenchyma. Enzmann et al showed recently that the vast majority of attracted granulocytes stay within the microvessels of the infarcted area without entering the parenchyma 
 ADDIN EN.CITE 
[14]
. There unfortunately remains a paucity of data available on the temporal profile of immune cell recruitment after stroke in humans, though advances in brain imaging methods do offer some insight and promise in this regard [15].
T cell responses

A substantial role for the T cell response after stroke is increasingly recognized 
 ADDIN EN.CITE 
[1-4]
. T cells are mainly found at the border of the infarct in post-mortem samples where they appear within days after ischemia-onset. The extent of the infiltration of T lymphocytes and other immune cells varies substantially among stroke models 
 ADDIN EN.CITE 
[16]
. Transgenic animals deficient of lymphocytes consistently have smaller infarcts in different stroke models 
 ADDIN EN.CITE 
[17-20]
. Moreover, antibody-mediated depletion of CD4(+), CD8(+) and gamma delta (γδ) T cells, respectively, reduced infarct volume and improved functional outcome 
 ADDIN EN.CITE 
[19, 21-23]
. The dynamics of this deleterious role of different pro-inflammatory T cells have not been fully elucidated. Interestingly, this effect was evident already 24 h after ischemia-onset in some studies suggesting an antigen-independent effect of T cells, as discussed further below. Other studies consistently describe a delayed mechanism of tissue injury. For CD4(+) T cells, IFN-γ appears to be a major mediator inducing tissue damage. Antigen-specific activation of cytotoxic CD8(+) T cells leads to targeted neuronal cell death by close intercellular interaction and via the perforin-granzyme pathway, while Natural Killer (NK) cells appear to play a less deleterious role 
 ADDIN EN.CITE 
[21]
. Gamma delta T cells have similarly been shown to play a detrimental role for infarct size and neurological outcome through IL-17 and IL-23 
 ADDIN EN.CITE 
[22, 23]
. Other evidence points to a role for B cells, though perhaps in a regulatory capacity 
 ADDIN EN.CITE 
[24]
.  
Regulatory T cells
Not all T cells appear to have deleterious effects in the acute phase of cerebral ischemia. Rather, there is solid evidence that endogenous Forkhead box P3 (Foxp3)(+) regulatory T (Treg) cells play an important role in containing the inflammatory response triggered by acute brain damage [18]. Treg are typically associated with maintaining peripheral immune tolerance and homeostasis in health and disease 
 ADDIN EN.CITE 
[18, 25]
. Recent work has uncovered their presence in the healthy rat brain, where they appear to be involved in suppressing inflammation 
 ADDIN EN.CITE 
[26]
. The response to cerebral ischaemia in mice involves a sustained accumulation and proliferation of Treg cells in the brain 
 ADDIN EN.CITE 
[27]
. Adoptive transfer of Treg cells in some rat brain ischaemia and mouse intracerebral haemorrhage models limits insult 
 ADDIN EN.CITE 
[28, 29]
. The major mediator of this protective effect is IL-10 
 ADDIN EN.CITE 
[18, 30, 31]
. Treg cells may also suppress neutrophil derived matrix metalloproteinase-9 (MMP-9) via program death 1-ligand 1 (PD-L1) 
 ADDIN EN.CITE 
[32]
. Indeed, the therapeutic benefit of harnessing Treg mediated protection has been explored with rapamycin, an inhibitor of mammalian target of rapamycin (mTOR) signalling 
 ADDIN EN.CITE 
[33]
. Intracerebroventricular injection of rapamycin 6 hours after ischaemic stroke in rats attenuated injury and deficit by restricting neuroinflammation 
 ADDIN EN.CITE 
[33]
.
However, the beneficial role of Treg cells in acute stroke has been challenged 
 ADDIN EN.CITE 
[4, 34]
. One study suggested that Treg cells impair neuronal survival and have no effect on the infiltration of other cell types 
 ADDIN EN.CITE 
[34]
. Additionally, both the addition and removal of Treg cells produced detrimental results. Furthermore, Treg cells may also induce microvascular dysfunction and impair cerebral perfusion 
 ADDIN EN.CITE 
[35, 36]
. On the other hand, expansion of Treg using histone-decarboxylase inhibitors or a CD28 superagonist 
 ADDIN EN.CITE 
[30, 31]
, and Treg adoptive cell transfer, were protective in the majority of studies with one notable exception 
 ADDIN EN.CITE 
[28, 35]
. These discrepancies have been attributed to differing lesion characteristics and stroke models [37]. Thus, although there is much more data in favour of therapeutic amplification of Treg, supplementary work is required 
 ADDIN EN.CITE 
[4, 34]
.
Cytokine signalling

Cytokines are key mediators in the inflammatory response to stroke [38]. While recent research provides solid support for a deleterious role for IFN-γ in post-stroke inflammation [39], evidence for an inciting effect of IL-17 is also mounting, with innate γδ T cells likely to be a main source [40]. The prevalence of circulating γδT cells is reduced in human ischemic stroke, though their levels of IL-17A are elevated 
 ADDIN EN.CITE 
[41]
. It is of note that reduced γδT cell counts were also associated with older age, hypertension, and coronary artery disease, suggesting a commonality in the underlying inflammatory process 
 ADDIN EN.CITE 
[41]
. IL-21 is another cytokine that has recently been highlighted as mediatory of inflammation in stroke, with CD4(+) T cell mediated up-regulation in the mouse brain after ischemia; IL-21 deficient mice had better outcomes, and post-mortem studies in humans showed IL-21 to localize to perivascular CD4(+) T cells in acute stroke lesions 
 ADDIN EN.CITE 
[42]
.
IL-10 is a crucial anti-inflammatory cytokine that restricts the neuroinflammatory reaction to stroke. Intracerebroventricular injection of IL-10 in an experimental mouse stroke model reduced infarct size and down-regulated pro-inflammatory signalling 
 ADDIN EN.CITE 
[43]
. Nevertheless, IL-10 knockout mice have similar infarct sizes as wild type mice 
 ADDIN EN.CITE 
[30]
. Transfer of IL-10(+) B-cells markedly reduced infarct volume in recipient mice when given 24 hours prior to or 4 hours after middle cerebral artery occlusion (MCAO) [44]; IL-10(+) B-cells injected 24 hours after MCAO in wild type male mice resulted in the generation of a dominant IL-10(+)CD8(+)CD122(+) Treg population associated with reduced central nervous system (CNS) inflammation [45]. Interestingly, neural stem cell (NSC) injection  share such immunosuppressive properties; intracerebral administration of NSCs 3 hours after ICH in rat models increases Treg cell numbers in the brain and periphery, but decreases the prevalence of γδT cells 
 ADDIN EN.CITE 
[46]
. This phenomenon was associated with increased anti-inflammatory cytokines (IL-4, IL-10 and TGF-β) and decreased pro-inflammatory cytokines (IL-6, and IFN-γ) 
 ADDIN EN.CITE 
[46]
.
Immunosuppression

Severe acute stroke induces systemic immunosuppression including lymphocytopenia in experimental and clinical stroke [1]. One consequence of post-stroke immunosuppression is an increased susceptibility to infection including pneumonia in which a lack of T cells and their mediator IFN-γ appears to play an important part 
 ADDIN EN.CITE 
[47]
.  Steady progress is being made towards creating prediction models and risk scores for infection 
 ADDIN EN.CITE 
[48-51]
. Systemic immune modulation is mediated through humoral and neural pathways including the hypothalamic–pituitary–adrenal axis and sympathetic and vagal autonomic nervous system 
 ADDIN EN.CITE 
[1, 52-57]
 (Figure 2). More recently, the release of alarmins such as HMGB1 from dying brain cells was found to directly induce a sequence of immune system activation and suppression including lymphocytopenia after experimental stroke 
 ADDIN EN.CITE 
[58]
 (Figure 2). The role of preventive antibiotic therapy after stroke remains to be defined after a large clinical trial showed no benefit compared to standard treatment 
 ADDIN EN.CITE 
[59]
, and the role for immunomodulatory approaches remains to be explored. 

On the other hand, a biologically useful role of peripheral immunosuppression has been considered [60]. Accordingly, post-stroke immune suppression may dampen the deleterious effects of systemic inflammation including pro-inflammatory T cells. For example, it has been sufficient to reduce signs of experimental arthritis in mouse models by a mechanism independent of Treg cells [61]. However, further evidence is needed to evaluate the concept.  
Role of antigen specific versus unspecific T cell mechanisms
As part of the adaptive immune system, canonical T cell receptor mediated T cell responses are generally considered to be antigen-specific.  The topic of autoimmunity to self-antigens in stroke remains contentious 
 ADDIN EN.CITE 
[2, 62, 63]
. While it is clear that adoptive transfer of pro-inflammatory lymphocytes directed against myelin proteins worsens outcomes 
 ADDIN EN.CITE 
[64, 65]
, it remains debated whether any self-antigen-specific T cells arising in vivo after stroke are of pathological consequence or indeed protective [66]. Indeed, in patients with acute stroke, Planas and co-workers identified macrophages associated with myelin and neuronal antigens sited near activated T cells 
 ADDIN EN.CITE 
[67]
. More recently, Ortega et al have shown that there is an increase in autoreactive CD4(+) and CD8(+) T cells, as well as autoreactive CD19(+) B cells, up to 4 days after stroke [68]. Similarly, while both CD8(+) T cells and NK cells invade the ischaemic brain, it is only wild-type, rather than ovalbumin-specific CD8 (+) T cells that increase infarct size via a perforin-dependent mechanism 
 ADDIN EN.CITE 
[21]
.  
Using spectrotyping of the T cell receptor from T cells isolated from the brain, spleen and cervical lymph nodes at various time points after murine stroke, we found delayed kinetics of monoclonal or oligoclonal T cell expansion first in the ischaemic brain and subsequently in secondary lymphoid organs. This response is compatible with the dynamics of a canonical antigen-dependent mechanism of T cells [69]. On the other hand antigen-independent mechanisms are likely to underlie the deleterious effects of T cells in the very early phase of ischaemia. Induction of stroke in mice deficient of recombination activating gene (RAG) 1 was still associated with larger infarct size when they had been reconstituted with CD8(+) or CD4(+) T cells bearing one single T cell receptor (TCR) 
 ADDIN EN.CITE 
[20]
. Interestingly, mice reconstituted with B cells developed significantly smaller brain infarctions compared with controls, but mice lacking co-stimulatory TCR signals, NKT and γδT cells were still fully susceptible 
 ADDIN EN.CITE 
[20]
. Taken together, there is solid evidence for the occurrence of antigen-dependent responses of adaptive immune cells. The direction against specific CNS antigens in the acute phase and particularly during repair and degeneration remain to be clarified.
The role of T cells in the post-acute and chronic phase after stroke
Following on from acute injury is the process of resolution and tissue repair [2]. The immune system again plays an integral response here, with many of the same cell types involved, though serving alternative roles 
 ADDIN EN.CITE 
[70, 71]
. Through contributions to the local milieu, T cells act in this capacity to control inflammation, facilitate clearance of debris, and encourage repair 
 ADDIN EN.CITE 
[70, 71]
. The understanding of the dynamics of this process is still in its infancy.

Related to the observation that stroke victims are twice as likely to develop dementia, with oligoclonal bands in the cerebrospinal fluid (CSF) of some patients, work has explored possible mechanisms of chronic inflammation 
 ADDIN EN.CITE 
[72]
. In mouse models, B cells mediate a chronic inflammatory response within infarcted brain tissue, and undergo isotype switching to ultimately impair long-term potentiation and cognition, a process prevented in the absence of B cells 
 ADDIN EN.CITE 
[72]
. Further supporting this is the isolation of B cells in post-mortem studies of some stroke patients with dementia 
 ADDIN EN.CITE 
[72]
. Such a B cell response may be instigated through the initial T cell-mediated reaction following stroke, and may not be acting in isolation, with other work highlighting that higher serum levels of IL-17 are associated with worse cognition in stroke patients with depressive symptoms 
 ADDIN EN.CITE 
[73]
. Thus, in the chronic phase, there may be an integral balance between inflammation and repair that ultimately dictates the regenerative process 
 ADDIN EN.CITE 
[70]
. On the other hand , the disruption that vascular processes cause to homeostatic mechanisms in the brain may result in neurodegeneration [74].
Translational perspectives for therapies targeting T cells in the early phase after stroke

Recent insights into the role of T cells have prompted early stage clinical trials in ischaemic and haemorrhagic stroke. Blockage of alpha-4 integrin on leukocytes was shown to prevent delayed infarct growth mediated by pro-inflammatory CD4(+) and CD8(+) T cells in experimental ischemia 
 ADDIN EN.CITE 
[19]
. Findings have been confirmed in the first preclinical multicentre trial in stroke and have since been translated to the phase 2 proof-of-concept randomized controlled “ACTION” trial [75]. This investigates the hypothesis that a single injection of natalizumab, a humanized monoclonal antibody that is licensed for therapy of relapsing-remitting multiple sclerosis, prevents lesion growth in stroke on serial MRI 
 ADDIN EN.CITE 
[19, 75, 76]
. While the results are expected in late 2015, a preclinical study suggests potential benefit also in haemorrhagic stroke 
 ADDIN EN.CITE 
[76]
. 
Administration of the MS disease modifying drug fingolimod (FTY720, Gilenya, Novartis), a sphingosine 1-phosphate receptor modulator that sequesters lymphocytes to lymph nodes, was protective in the majority of preclinical stroke studies 
 ADDIN EN.CITE 
[43, 77]
. Two small pilot studies in an Asian population suggest safety and potentially efficacy in both ischaemic stroke and intracerebral haemorrhage and a phase II clinical trial is currently recruiting 
 ADDIN EN.CITE 
[78-80]
. Recombinant T-cell receptor ligand 1000 (RTL1000) is a protein construct made up of the outer two domains of HLA-DR2 bound to myelin-oligodendrocyte-glycoprotein- (MOG-) 35-55 peptide 
 ADDIN EN.CITE 
[81-84]
. Originally demonstrated to induce T cell tolerance, particularly in the context of experimental autoimmune encephalomyelitis (EAE), RTL1000 has been highlighted to reduce infarct size and inflammation in mice models of ischaemic stroke 
 ADDIN EN.CITE 
[83, 84]
, for both male and female mice 
 ADDIN EN.CITE 
[81]
, when applied within a 6 hour window [82], and also in the presence of tissue plasminogen activator 
 ADDIN EN.CITE 
[83]
. Clinical trials in humans are currently not in place however.
Concluding remarks

The immune response to stroke is a multifaceted process in which T cells appear to play a central role at various stages of the disease. While first translational clinical trials are currently exploring the potential of early T cell targeted immunomodulatory therapies which are established for other disorders, better insights into the role of T cells in later stages of the disease process may open new avenues for enhancing regeneration and mitigating major long-term degenerative consequences of stroke including dementia. 
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Figure 1. Stroke triggers the release of alarmins, which in turn increase cerebrovessel permeability with resultant influx of lymphocytes, namely CD4(+), CD8(+), γδ T cells, B cells and Treg cells. The pro-inflammatory or regulatory function of these cell types differ by stroke model. Effects are partly mediated through cytokine signalling. Both antigen dependent and independent processes may be occurring.

Figure 2. Acute stroke is associated with systemic immune modulation through both humoral and neural pathways. Alarmins such as HGMB1 released directly from brain tissue may induce lymphocytopenia, with the hypothalamic-pituitary-adrenal axis and autonomic nervous system also acting to suppress immune activity.
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