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Introduction and Background

The secondary neuroinflammatory response has attracted increasing attention in 

experimental stroke research.1 Analyses of immunologic mechanisms after acute stroke have 

been performed in the hope of identifying key pathomechanisms that contribute to 

secondary infarct growth and can be modulated to benefit a large proportion of stroke 

patients. Among a variety of pathophysiologic mechanisms, including microglial activation, 

brain leukocyte invasion, and secretion of pro-inflammatory factors, lymphocytes have been 

uncovered as the key leukocyte subpopulation that determines the neuroinflammatory 

outcome. Several studies have shown that pro-inflammatory lymphocytes, such as TH1, 

TH17, and γδ T-cells, worsen stroke outcome, and that blocking of their brain invasion is 

neuroprotective.2-4 Contrary to pro-inflammatory lymphocytes, regulatory T-cells (Treg) 

and B-cells (Breg) have been characterized as disease-limiting protective cells;5 in 

particular, in primary inflammatory diseases of the central nervous system (CNS). The 

discovery of the important role of Treg in other T-cell-driven pathologies has initiated 

productive research efforts on the role of Treg, including in ischemic brain injury, over the 

past years. However, due to the complex function of regulatory cells in immune homeostasis 

and disease, as well as partially divergent findings using different stroke models, uncertainty 

has emerged about the pathophysiologic function of regulatory lymphocytes in stroke.6-8 

This article will comprehensively review current findings on regulatory lymphocytes in 

brain ischemia models and discuss potential reasons for the observed discrepancies.
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Treg as Modulators of Post-Stroke Neuroinflammation

The immune system has evolved several regulatory mechanisms, including cell depletion, 

anergy, and unresponsiveness to autoantigens, to prevent damage of endogenous tissues due 

to an overshooting immune reaction. The presence of Treg actively suppressing autoimmune 

reactivity is one of the key mechanisms preserving immune homeostasis and limiting 

inflammatory collateral damage.9 Depletion of CD25+CD4+ Treg naturally arising in the 

immune system induces autoimmune diseases, and reconstitution of this cell population 

prevents disease development.10 A lack of Treg has been shown to be a primary cause of 

autoimmune diseases in humans.11 In addition to sustaining autotolerance, Treg are also 

involved in suppressive control of a broad spectrum of immune responses, including those 

against autologous tumor cells,12 allergens,13 and organ transplantation.14 Although Treg 

might be simplistically defined as immunosuppressive T-cells, several phenotypically and 

functionally distinct Treg subpopulations have been defined, such as induced Treg 

populations, Tr1, TH3, and various others.15 Yet, the best investigated population of Treg 

are CD4+CD25+Foxp3+ naturally occurring Treg, which are physiologically produced in the 

thymus as a mature cell population.16

While it is still unknown at which specific site Treg act as immunomodulators after stroke, 

their kinetics and magnitude of brain infiltration have been characterized in several studies 

using models of experimental middle cerebral artery occlusion (MCAO). The brain invasion 

of lymphocytes after murine focal brain ischemia was already observed more than two 

decades ago.17 One of the first studies systematically analyzing brain leukocyte invasion of 

brain homogenates after transient brain ischemia (filament-induced MCAO resulting in large 

hemispheric lesions) by flow cytometry was performed by Gelderblom et al.18 In this study, 

only a very low number of CD25+Foxp3+ Treg at a frequency of less than 5% of all CD4+ 

T-cells was observed within the first week after transient ischemia. In contrast, using a 

permanent MCAO model, we detected substantial T-cell and Treg counts in the ischemic 

hemisphere, with Foxp3+ Treg constituting ~20% of all CD4+ cells.19 This is consistent with 

the previous observation that distal permanent occlusion induces a significantly stronger 

neuroinflammatory reaction with manifold higher T-cell counts in the ischemic hemisphere 

than in proximal transient occlusion models.20 A more recent study by Stubbe et al 

investigated cerebral Treg up to 1 month after large hemispheric lesions.21 Although they 

detected only negligible amounts of Foxp3+ early after MCAO, substantial Treg invasion 

occurred 14 and 30 days after MCAO. Additionally, the percentage of Treg within the 

Thelper cell population was increased in brains after stroke compared with peripheral 

lymphatic organs.21

Despite their delayed recruitment in the brain, Treg have been found, in both depletion and 

therapeutic paradigms (see below), to influence stroke outcomes within the first days after 

ischemia. Such early effects prior to a considerable degree of Treg invasion into the brain 

prompts a rational assumption that Treg might have an early function in the ischemic brain 

by targeting cells in the peripheral immune system. In accordance with this assumption, 

delayed deletion of Treg by antibodies or in inducible Foxp3-knockout (Foxp3-KO) mice at 

3 days after MCAO failed to alter stroke outcome.21, 22 Hence, although the definite site of 

action for Treg after stroke is still unsolved, currently available data suggest that Treg have 
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an immunomodulatory function within the first 3 days after stroke when they still remain 

outside of the CNS. Potential peripheral functions of Treg might include suppression of 

peripheral effector T-cell activation, inhibition of autoantigen-specific clonal expansion, or 

priming of transendothelial effector T-cell migration via currently unknown mechanisms. 

An additional – probably non-immunologic – function of Treg has been proposed for the 

development of secondary microthrombosis in models of transient mechanical vascular 

occlusion (TMVO), which was termed thromboinflammation.23 This concept of 

thromboinflammatory infarct progression proposes an interaction of Treg with platelets and 

the activated endothelium as an independent mechanism of Treg function.

Treg Depletion in Experimental Brain Ischemia

Depletion of the Treg population is a common experimental paradigm to investigate the 

functional role of Treg in brain ischemia in several publications. Methodologically, two 

principally different approaches have been used to deplete Treg: antibody-mediated cell 

lysis, using CD25-specific antibodies; or the use of transgenic mice with a diphtheria toxin 

receptor (DTR) transgene under the control of the Foxp3 promoter for inducible Treg 

depletion. Using Treg-depletion paradigms, about half of the experiments performed 

revealed an increase in infarct volume,19, 22, 24 while the other half did not detect any effect 

on stroke outcome,19, 21, 22, 25, 26 and one study even observed a reduction of infarct size in 

Treg-deficient mice23 (Table 1).

This discrepancy triggered an intense debate on the biological role of Treg in stroke and led 

to the denomination of Treg as a “double-edged sword” in acute brain injury.27-29 Of note, 

inconsistencies cannot be attributed to the various depletion paradigms used, since 

transgenic mouse models have been used on both sides of the “efficacy spectrum”. 

However, in each of the three publications reporting genetic depletion of Treg, a different 

inducible Foxp3-KO mouse line has been used: Ren et al25 used the original Foxp3DTR 

mouse,30 Liesz et al22 the Foxp3.LuciDTR.4 mouse line,31 and Kleinschnitz et al23 the 

DEREG mouse.32 Each of these DTR-transgene-mediated Foxp3-deletion models are 

derived from different transgene constructs. Moreover, they vary regarding the efficacy of 

Treg depletion and the respective diphtheria toxin treatment protocols. Although most 

studies reported Treg-depletion efficacy of more than 80%, individual extent of Treg-

depletion differs considerably (cp. Table 1) and most studies did not investigate organ-

specific Treg-depletion, the kinetics of depletion and reconstitution of the Treg population. 

In contrast, it is apparent that the stroke models utilized, and more precisely the resulting 

volume of the ischemic lesion, do indeed predict the functional role of Treg in depletion 

paradigms.

Both studies from Liesz et al found an increase in stroke volume after Treg depletion only in 

small permanent ischemia lesion models, but not after extensive infarction induced by 

transient MCAO.19, 22 A recent study by Xie et al also described larger infarct volumes after 

antibody-mediated Treg depletion in a rat model of moderate brain ischemia.24 In contrast, 

all studies describing unaltered19, 21, 22, 25, 26 or even improved23 outcome after Treg 

depletion were performed in transient mechanical occlusion models causing extensive brain 

lesions.
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The immunologic effects of Treg depletion on the neuroinflammatory outcome after stroke 

have unfortunately been addressed in only a small number of the above studies. All three 

studies detecting an exacerbation of stroke outcome after Treg depletion also measured an 

associated increase in neuroinflammatory biomarkers.19, 22, 24 The most robust findings 

included an increase in leukocyte brain invasion, particularly of distinct lymphocyte 

subpopulations, and an increase in pro-inflammatory cytokine secretion, such as tumor 

necrosis factor α, interleukin (IL)-1β, IL-12, and interferon γ. Among the studies using 

models of extensive brain injury with no effect of Treg depletion on stroke outcome, only 

one study has investigated neuroimmunologic readouts with correspondingly unaltered 

inflammatory markers.21 In contrast, the study by Kleinschnitz et al investigating the role of 

Treg in thromboinflammation and stroke progression has detected a detrimental role of Treg 

in mediating post-stroke neurodegeneration, independent of their immunologic function.23 

Interestingly, “wannabe Treg” without immunomodulatory function were still able to exert 

their impact on stroke progression without affecting neuroinflammatory markers, supporting 

the hypothesis of non-immunologic functions of Treg after stroke.

Therapeutic Enhancement of Treg Function in Brain Ischemia

Despite the obvious and still unresolved discrepancies arising from studies investigating the 

effects of Treg depletion, a rapidly increasing number of reports have tested Treg 

augmentation for stroke therapy. These studies have investigated very different approaches 

to increase Treg numbers and/or function. The most intuitive approach might be the 

adoptive cell transfer of purified Treg to wild-type animals to increase circulating Treg 

numbers. The second most widely used approach was the administration of a CD28 

superagonist (CD28SA), which induces in vivo expansion of Treg and amplification of their 

suppressive function. In addition, histone deacetylase (HDAC) inhibition and treatment with 

a mammalian target of rapamycin (mTOR) inhibitor have previously been shown to boost 

Treg by increasing Foxp3 expression in T-cells. A pathomechanistically very different 

approach used in earlier studies was the paradigm of “mucosal immunization” with mucosal 

administration of cerebrovascular antigens, such as myelin oligodendrocyte glycoprotein or 

selectins, which induce the expansion of autoantigen-specific Treg33, 34.

Out of 15 independent experiments reported in 13 studies, 13 found an improvement in 

stroke outcome22, 24, 26, 33-39, while two described an increase in infarct volume when using 

two independent Treg-targeted therapies.23, 40 This discrepancy cannot be easily explained 

by the therapeutic paradigm used, since the methods of adoptive Treg transfer into wild-type 

mice and the CD28SA treatment utilized in the two studies showing an exacerbation of 

lesion volume were also tested in three or more other experiments that showed an improved 

outcome (Table 2).

Again, it appears that stroke severity might predict the net biologic effect of Treg: out of the 

13 experiments detecting an overall benefit of therapeutically enhancing Treg numbers 

and/or function, only two have reported infarct volumes in the control group of more than 

40% of the ipsilesional hemisphere, while the other studies deployed models that induce 

only small- to moderate-sized lesions. Surprisingly however, the two studies,39, 40 in which 

the identical CD28SA has been used in very similar stroke models reported opposing results. 
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Na et al described reduced infarct volumes and an improved functional outcome following 

treatment with the CD28SA,39 while Schuhmann et al described a significant worsening of 

stroke, indicating the presence of other confounding factors independent of lesion volume to 

Treg function.40

We have performed a Meta-analysis in order to more precisely estimate the efficacy of Treg-

targeted therapeutic approaches in experimental stroke models. For this purpose, all studies 

that investigated interventions with the aim to modulate Treg (defined at least by CD25- or 

Foxp3-expressing CD4+ T-cells) numbers and/or Treg function in models of experimental 

brain ischemia were included in the analysis. The studies were clustered by the respective 

treatment paradigm: mucosal immunization,34, 36 adoptive Treg transfer,23, 26, 35, 37,38 

CD28SA,35, 39, 40 and others (i.e. HDAC inhibition22 and mTOR inhibition24). Effect size 

estimates (odds ratio) were calculated and the forest plot illustrated using RevMan software 

(version 5.3).

The overall effect size estimation revealed an odds ratio favoring the respective intervention 

for each interventional paradigm and for all studies in total (Figure 1). However, a large 

heterogeneity between the included studies regarding study design, experimental model, and 

species (rat and mice) has to be taken into account. In addition, several studies did not report 

sufficient information to assure quality according to the Stroke Therapy Academic Industry 

Roundtable (STAIR) recommendations. Therefore, the number of studies investigating Treg 

interventions needs to be increased to more robustly estimate a realistic effect size. Also, the 

publication of negative results has to be encouraged to avoid a publication bias in such an 

emerging research field.

Mechanisms of Treg Function in Post-Stroke Neuroinflammation

Basic immunologic research on Treg function has identified several mechanisms by which 

Treg suppress immune reactions.41 These can be mainly divided into mechanisms acting on 

lymphocyte activation and mechanisms inhibiting antigen-presenting cells. While most of 

these mechanisms can be recognized using in vitro model systems, the contribution of 

individual mechanisms, such as different anti-inflammatory cytokines or cell–cell contact-

dependent suppression, is highly diverse among in vivo disease models. The most prominent 

mechanisms of Treg function in vivo are the secretion of anti-inflammatory cytokines 

(IL-10, tumor growth factor β (TGF-β), expression of immunosuppressant molecules 

(CTLA-4, CD39, PD-1), consumption of vital cytokines (IL-1, IL-2) and the secretion of 

cytolytic molecules (granzymes, perforin).5

In the context of experimental brain ischemia, several studies have demonstrated that IL-10 

is a critical neuroprotective cytokine regulating post-stroke neuroinflammation.42-45 The 

main sources of cerebral IL-10 are Treg, Breg, and microglia/monocytes. The property of 

IL-10 as an important tissue protective effector mechanism of Treg46 was verified in some 

of the previous stroke studies.19, 22, 47 Accordingly, strategies increasing lymphocyte-

derived IL-10 production22, 39, 44, 48 or therapeutic IL-10 administration42, 45, 49 have been 

shown to improve stroke outcome. In addition, alternative Treg-related mechanisms have 

been found to act in ischemic brains, such as the expression of TGF-β and IL-3524 as well as 
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a role of Treg in the PD-1/PD-L1 pathway. However, whereas the immune regulatory 

function of PD-1 limits ischemic brain lesions and blood-brain barrier damage,37 PD-L1 

appears to have an opposing, i.e. detrimental, effect in stroke.50 Pro-inflammatory 

lymphocytes and brain-resident microglia/macrophages have been characterized as the main 

target cells for the immunosuppressive effect of Treg after brain injury19, 22, 26. The 

beneficial effect of Treg at later stages of ischemic stroke was frequently related to the 

reduced invasion of T-cells,19, 26 suppression of effector T-cell proliferation,22 suppressed 

cytokine production,24, 26, 34 reduced microglia/monocyte activation,19 or a priming towards 

a M2-like microglial phenotype.24 In contrast, studies reporting an exacerbation of stroke by 

Treg-targeted therapies during the very early stage23, 40 found an association of increased 

lesion volumes with amplified cerebral immune cell accumulation.40 However, evidence 

exists that the deleterious effects observed with Treg in these two studies might be 

independent of their immunologic function, but rather attributable to an impact on secondary 

microthrombosis (thrombo-inflammation).23

Other Regulatory Lymphocyte Subpopulations: Breg and CD8+CD122+ Treg

Some of the previous studies have investigated a potential regulatory function of B-cells and 

detected an increase in stroke lesions in B-cell-depleted mice,51 while other reports could 

not confirm this observation.52, 53 While the adoptive transfer of B-cells to lymphocyte-

deficient Rag−/− did not affect outcome in the early phase after stroke,53 subsequent studies 

reported substantial IL-10 production by B-cells and neuroprotective effects of transferring 

wild-type, but not IL-10-deficient, B-cells to limit stroke severity.44, 51, 54 Further studies 

revealed that the transferred IL-10+ B-cells included roughly equal proportions of several 

known Breg subtypes, including the B10, T2-MZ, and B1a subpopulations. In addition, it 

was observed in one study that transferred B-cells had systemic immunomodulatory effects 

and mitigated splenic atrophy and induced Treg populations.55 It was further demonstrated 

that direct transfer of IL-10-secreting B-cells into the striatum limited stroke lesions.56 A 

more recent experiment confirmed a potentially neuroprotective function of regulatory 

IL-10-producing B-cells after stroke by inducing CD8+CD122+ Treg and ameliorating post-

stroke neuroinflammation.57 Taken together, the findings of previous studies not observing a 

major role for B-cells in the acute phase after stroke and more recent reports of a 

neuroprotective function of Breg in later secondary neuroinflammatory response might 

support an immunoregulatory effect of IL-10-secreting B-cells and their induction of 

CD8+CD122+ Treg at later stages of post-stroke neuroinflammation. Considering the 

previously observed differences in natural Treg function between stroke models, it will be of 

interest for future studies to also investigate such a differential role for other regulatory 

lymphocytes, such as Breg and CD8+CD122+ Treg.

Tregs in the Peripheral Immune System After Stroke

Acute brain ischemia induces profound alterations of the peripheral immune reaction, 

encompassing peripheral immune activation in the acute phase after brain injury58 and 

features of an immunosuppressive syndrome in the later phase.59 In addition to the effect of 

Treg in directly modulating local neuroinflammation within the brain, they also play a role 

in altering the peripheral immune response after stroke. A consistent finding in the subacute 
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phase after extensive experimental stroke is that cellular immunosuppression and splenic 

atrophy are accompanied by a relative expansion of Treg in the spleen and blood.60, 61 

However, regulatory T-cells themselves do not contribute to the exacerbation of post-stroke 

immunosuppression.38, 62 Interestingly, a recent report even suggested that the adoptive 

transfer of Treg on the one side reduced the systemic inflammatory reaction in the early 

phase after stroke, while on the other it also ameliorated the extent of immunosuppression 

(i.e. lymphopenia) in the later phase.38 This finding of a dualistic role of Treg in systemic 

immunity when comparing the acute with subacute phases after stroke is well in line with 

the concept that the initial over-activation of the peripheral immune system might result in 

an immunosuppression syndrome.63 The potent homeostatic function of Treg might help to 

suppress the initial systemic inflammation, thereby attenuating the subsequent immune 

disturbances, such as activation-induced lymphopenia and exhaustion of antigen-presenting 

cells.

In addition, a recent study has detected the expansion of Foxp3+ natural Treg in the bone 

marrow of mice after extensive brain ischemia.64 It was proposed that this myeloid Treg 

expansion is related to sympathetic stress signaling after brain ischemia. However, whether 

this observation of myeloid Treg is functionally related to the previously observed 

alterations in bone marrow monocyte populations63 and hematopoiesis65 after stroke is 

currently unknown.

Only very few studies have investigated regulatory T-cells in patients suffering from acute 

brain ischemia. Understandably, these studies have focused on peripheral immune effects 

after stroke by investigating blood samples of patients with different stroke entities. The first 

study specifically analyzing Treg function after stroke by Hug et al. has found that Treg 

function is preserved in the context of post-stroke immunosuppression in contrast to the 

dysfunction of effector cell populations such as circulating monocytes or helper T-cells. 66 

In contrast, a second study has found reduced suppressive capacities of post-stroke Treg in 

female but not male stroke patients, proposing sex-specific effects on post-stroke peripheral 

immunity. 67 This difference between the studies could be explained by differing patient 

characteristics in terms of comorbidities and stroke severity. While the latter study has 

detected a robust increase of Treg cell counts after stroke in accordance with experimental 

studies, another report has shown the opposite. Li et al. reported a significant reduction of 

peripheral Treg in stroke patients. 68 In contrast to the previous studies investigating post-

stroke effects on peripheral Treg function, a report by Wigren et al., analyzed the association 

of Treg counts in a cohort of 700 participants of the Malmö Diet and Cancer study with the 

prospective incidence of stroke. While low Treg counts at baseline were associated with an 

increased risk of myocardial infarction this association was not present for stroke. 69 

Overall, clinical data is supporting the experimental finding of substantial peripheral 

immunomodulation after stroke, which is also affecting the Treg population, yet, specific 

changes might depend on stroke entity, severity and patient characteristics.
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Potential Reasons for the Discrepancies on Treg Function in Post-Stroke 

Neuroinflammation

Thromboinflammation and Secondary Microthrombosis

The commonly used model of transient MCAO using intraluminal filaments (a model that 

was used in the two studies detecting a deleterious role of Treg in stroke23, 40) can be 

described as a TMVO model with prompt revascularization. One prominent and distinct 

feature of this model is the occurrence of delayed neuronal damage due to microthrombosis 

and thromboinflammation.70 In contrast, secondary microthrombosis was not observed in 

rodents and non-human primates with gradual reperfusion.71 The occurrence of 

microthrombosis/thromboinflammation in stroke patients is currently still elusive. Although 

the distinct factors contributing to the development of thromboinflammation in TMVO are 

still unclear, several potential mechanisms could be assumed: the extent of endothelial 

activation induced by the reperfusion, the speed of filament retraction and prompt versus 

gradual reperfusion, and the occlusion time. Finally, these at-first-sight minor 

methodological differences might finally have a major pathophysiologic impact by the 

presence or absence of secondary thrombosis. In the case of microthrombosis after prompt 

revascularization, the cascade of endothelial activation, thromboinflammation, and 

microvascular dysfunction not only leads to secondary ischemic infarct progression, but 

might also induce vascular inflammation and an alteration of the neuroinflammatory 

response to brain ischemia per se.

The Impact of Lesion Volume and Reperfusion on Stroke Immunology

As noted above, it seems that lesion size and/or reperfusion might be relevant confounders 

of secondary neuroinflammation. It is well acknowledged that the phenomenon of post-

stroke peripheral immunosuppression occurs in stroke patients and animal stroke models 

only after extensive brain tissue injury.59, 61, 72, 73 While mice and humans with substantial 

brain lesions develop lymphopenia and alterations of the monocyte population, small 

ischemic injuries induce only a minor immunomodulation, but no immunosuppressive 

syndrome. Whereas, to the best of our knowledge, the impact of peripheral 

immunosuppression after major stroke on secondary neuroinflammation has not been 

systematically investigated until now, it is conceivable that peripheral immune alterations 

might also affect central neuroinflammation. Indeed, a previous study performing a face-to-

face comparison of the extent of cerebral leukocyte invasion, microglial activation, and 

cytokine secretion in three common models of brain ischemia of differing lesion size 

detected crucial differences among models with a manifold stronger inflammatory reaction 

in small permanent ischemia models than in extensive hemispheric lesions after transient 

MCAO.20 Moreover, a more recent study has investigated the neuroinflammatory reaction 

in the acute phase (<24h) after transient or permanent malignant infarctions induced by the 

filament model. The authors detected significantly less leukocyte brain infiltration after 

transient ischemia, as it was used in the majority of studies analyzed in this review, 

compared to permanent proximal MCA occlusion.74 Therefore, it is plausible that Treg have 

an inferior role in stroke models with only minor bystander inflammation compared with the 

critical role of Treg in lesion models with an over-shooting immune reaction (Figure 2). 
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However, it is currently still unclear if these detrimental differences in neuroinflammatory 

response are indeed related to factors such as lesion volume, reperfusion and localization or 

are merely an epiphenomenon due to technical aspects of the particular stroke model (i.e. 

differences in skull trepanation, surgical wound, pain, and food intake).

Milieu-Dependent Treg Function

Moreover, the above-stated methodologic differences, including the presence of 

microthrombosis/thromboinflammation, induction of peripheral immune alterations, and the 

extent of neuroinflammation, might have a direct impact on the functional properties of 

natural Treg. It is known from other disease paradigms that Treg function in vivo might by 

particularly dependent on the immunologic milieu. For example, in cancer research, this 

phenomenon – very much akin to stroke immunology – has been termed the “Janus-faced 

function of Treg”.75, 76 In addition, the currently predominant perception of 

neuroinflammation after acute brain injury and particularly stroke research as too much of a 

bad thing should be revisited. Several elegant reports by the groups of Michal Schwartz and 

Jonathan Kipnis have established the concept of “protective autoimmunity” (see Schwartz 

and Raposo77 for a recent review of the concept). This concept ascribes secondary 

inflammation as a generally physiologic and protective mechanism in which too much 

immune activation as well as immunosuppression might be deleterious. Accordingly, in 

certain situations of acute brain lesions and neurodegeneration models – determined by the 

time-dependent inflammatory milieu of the brain during disease progression, both Treg 

depletion as well as its augmentation might negatively affect the outcome.78-80 Therefore, 

the very specific properties of the stroke model used and targeted mechanism of Treg 

function have to be carefully investigated before considering Treg in a potentially 

oversimplified view as good or bad immune cells after stroke.

Quo Vadis: Treg in Stroke – Open Questions and Required Experiments

As comprehensively reported above, rapidly accumulating data by a number of studies in the 

last few years have clearly indicated a pathophysiological role for Treg in the secondary 

neuroinflammation as well as more remote effects in the vasculature and the peripheral 

immune system after stroke. Yet, some controversies are still unresolved and important 

questions not been addressed so far: What is the contribution of lesions size, location and 

reperfusion to post-stroke neuroinflammation – and what is the pathophysiological basis for 

the immunological differences between stroke subtypes? Where is the primary site of Treg-

function – in the peripheral immune system by preserving immune homeostasis or in the 

CNS suppressing neuroinflammation? Which of the diverse Treg-targeted 

immunotherapeutic approaches is most effective and clinically relevant?

While further exploratory studies will be needed to address these questions - such as 

comparing stroke models and intervention paradigms in one laboratory face-to-face 

approaches instead of compiling data sets from different models, laboratories, treatment and 

analysis strategies – the next step in Treg-targeted research for stroke will be to proceed 

from exploratory studies to confirmatory research in order to pave the way for potential 

translation.81 As for other emerging research areas that are challenged by preclinical 

controversies, collaborative research efforts with rigorous guidelines for study design, 
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conductance and analysis will be necessary to resolve current controversies on the role of 

Treg and particularly their use as immunotherapeutic targets for treating brain ischemia.82

Conclusion

Taken together, it can be well acknowledged that Treg constitute a highly potent cell 

population that is capable of modulating various immunologic pathways. Yet, their 

functional role in acute brain injuries might be much more complicated and diverse than 

currently appreciated. Although a meta-analysis of currently published Treg-targeted 

immunotherapies might indicate an overall neuroprotective function of Treg, at least during 

the later stages of infarct development, their role during the very acute phase is much less 

clear, and we need first to better understand their distinct function in diverse settings of 

secondary neuroinflammation before promoting Treg-targeted cell therapies for clinical 

testing. Therefore, we should be careful with generalizations of findings from different 

animal stroke models that critically differ in their inflammatory response. Instead we should 

use this vast variability and the distinct properties of the commonly used stroke models as a 

chance to investigate, in more detail, the spectrum of neuroinflammation in this highly 

diverse disease. Not only in stroke models, but certainly also in stroke patients, the impact of 

neuroinflammation might crucially differ depending on stroke subtype, localization, time 

pattern, and comorbidities. This individualized view on post-stroke inflammatory 

mechanisms is still in its infancy, but will ultimately be inevitable for a future personalized 

stroke immunotherapy that has to stratify patients that might potentially benefit from 

immune-targeted approaches.
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Figure 1. Forest plot for meta-analysis of regulatory T-cell (Treg)-targeted therapies in 
experimental stroke
The meta-analysis includes all published studies until December 2014 investigating Treg (at 

least characterized by CD25- and/or Foxp3-expressing CD4+ cells) in rodent stroke models. 

Odds ratios were calculated using inverse variance in a fixed effects model. CI, confidence 

interval.
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Figure 2. Proposed mechanism of differential regulatory T-cell (Treg) function in permanent/
small-lesion versus transient mechanical vascular occlusion (TMVO)/extensive-lesion models
The schematic diagram illustrates the discrepancy of the observed role of Treg in brain 

(upper panels) versus peripheral immune system (lower panels) in models of permanent 

ischemia with small- to moderate-sized lesions or after extensive brain lesions in TMVO 

models. Permanent occlusion of the distal middle cerebral artery (MCA; left panels) induces 

a strong neuroinflammatory reaction, but preserves peripheral immune homeostasis with 

only minor immunomodulation. In this context, Treg have a primary role in inhibiting an 

overshooting inflammatory reaction mediated by pro-inflammatory leukocytes. It is assumed 

that this immunosuppressive function of Treg takes place in the periphery even before brain 

invasion. In contrast, TMVO models with extensive brain injuries (right panels) have less 

pronounced neuroinflammation, but induce an immunosuppressive phenotype of the 

peripheral immune system. Here, Treg have only a minor function in suppressing the 

neuroinflammatory response, and might even have a non-immunologic function in the 
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manifestation of secondary microthrombosis and thromboinflammation. The principal role 

of Treg in TMVO models seems rather to be in ameliorating immune disturbances by 

inhibiting initial immunologic activation or over-activation and later immunosuppression, 

thereby preserving homeostatic systemic immune function. IL-10, interleukin 10; TGFβ, 

tumor growth factor β.
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Table 1

Summary of studies investigating Treg depletion paradigms

Study Model Lesion (%
hemisphere)

Latest
endpoint

Depletion
model

Depletion
efficacy

Outcome on
infarct vol.

Liesz et al.,
200919

Distal,
permanent

≈ 10% 7d 1) Anti-
CD25

90% Increased

2) Adoptive
cell transfer

n.a.

Liesz et al.,
201322

Distal,
permanent

≈ 10% 7d Foxp3-KO 85% Increased

30min transient ≈ 10% 7d Anti-CD25 90% Increased

Xie et al.24 Rats: 90min
transient

≈ 40% 3d Anti-CD25 65% Increased

Liesz et al.,
200919

90min transient ≈ 55% 7d Anti-CD25 90% No effect

Ren et al.25 60min transient ≈ 55% 3d Foxp3-KO 90% No effect

Li et al. 201326 60min transient ≈ 50% 3d Anti-CD25 90% No effect

Stubbe et
al.21*

30min transient ≈ 50% 27d Anti-CD25 75% No effect

Liesz et al.,
201322

60min transient ≈ 50% 3d Foxp3-KO 85% No effect

Kleinschnitz et
al.23

60min transient ≈ 55% 7d Foxp3-KO 90% Reduced

*
depletion 3d after MCAO induction; in all other studies: pretreatment or acute depletion
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Table 2

Studies investigating Treg-targeted therapeutic approaches (by treatment and outcome)

Study Model Lesion (%
hemisphere)

Latest
endpoint

Treatment
paradigm

Outcome on
infarct volume

Chen et al.36 Rats: distal,
permanent

≈ 20% 48h Mucosal
immunization

Reduced

Gee et al.33 Rats: 3h
transient

Infarct vol.
NA*

28d Mucosal
immunization

Reduced
(Behavior)

Ishibashi et al.34 Rats: distal,
permanent

≈ 20% 28d Mucosal
immunization

Reduced

Li et al. 201326 Rats: 2h
transient

≈ 40% 3d Adoptive
transfer

Reduced

Mouse: 60min
transient

≈ 35% 3d Adoptive
transfer

Reduced

Li et al., 201338 Mouse: 60min
transient

≈ 35% 3d Adoptive
transfer

Reduced

Li et al., 201437 Mouse: 60min
transient

≈ 35% 3d Adoptive
transfer

Reduced

Brea et al.35 Rat: transient ≈ 30% 28d Adoptive
transfer

Reduced

Liesz et al. 201322 Mouse: distal,
permanent

≈ 10% 7d HDACi Reduced

Brea et al.35 Rat: transient ≈ 30% 10d CD28SA Reduced

Na et al.39 Mouse: distal,
permanent

≈ 10% 7d CD28SA Reduced

Mouse: 60min
transient

≈ 50% 3d CD28SA Reduced

Xie et al.24 Rats: 90min
transient

≈ 45% 28d mTOR Inh. Reduced

Kleinschnitz et
al.23

Mouse: 60min
transient

≈ 55% 3d Adoptive
transfer

Increased

Schuhmann et
al.40

Mouse: 60min
transient

≈ 40% 3d CD28SA Increased

*
this study analyzed behavioral deficits as the primary outcome and did not report infarct volume
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