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      Regulatory T Cells in Ischemic Brain Injury                     

     Arthur     Liesz     

1           Introduction 

 Post-stroke neuroinfl ammation has come into the focus of current preclinical stroke 
research [ 1 ]. Among the pathophysiological mechanisms of microglial activation, 
brain leukocyte invasion and secretion of pro-infl ammatory factors, lymphocytes 
have been uncovered as the key leukocyte subpopulation determining the neuroin-
fl ammatory outcome. Several studies have shown that pro-infl ammatory lympho-
cytes such as TH1, TH17, and γδ-T cells worsen stroke outcome and that blocking 
their brain invasion is neuroprotective [ 2 – 5 ]. Contrary to pro-infl ammatory lympho-
cytes, regulatory T cells have been characterized in primary infl ammatory diseases 
as disease-limiting protective cells [ 6 ]. Finding this key role of regulatory T cells in 
other T cell-driven pathologies has initiated productive research efforts on the role 
of regulatory T cells also in ischemic brain injury over the past years. Due to the 
complex function of regulatory cells in immune homeostasis and disease as well as 
partially divergent fi ndings using different stroke models, uncertainty has emerged 
about the pathophysiological function of regulatory lymphocytes in stroke.  

2     Regulatory T Cells in Post-Stroke Neuroinfl ammation 

 The immune system has evolved several regulatory mechanisms to inhibit an 
 overshooting immune reaction to tissue damage including cell depletion, anergy, 
and unresponsiveness to self-antigens. The presence of regulatory T cells (Treg) 
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suppressing actively (self-reactive) immunity is one of the key mechanisms of 
 preserving immune homeostasis and limiting infl ammatory collateral damage [ 7 ]. 
For example, depletion of CD25+ CD4+ Treg cells naturally arising in the immune 
system induces autoimmune diseases and reconstitution of this cell population pre-
vents disease development [ 8 ]. Lack of Treg has been shown to be a primary cause 
of autoimmune diseases in humans [ 9 ]. In addition to sustaining self-tolerance, Treg 
are also intricate in suppressive control of a broad spectrum of immune responses 
including those against autologous tumor cells [ 10 ], allergens [ 11 ] and organ trans-
plantation [ 12 ]. Although Treg might be simplistically defi ned as immunosuppres-
sive T cells, several phenotypically and functionally distinct Treg subpopulations 
have been defi ned, such as induced Treg populations, Tr1, TH3, and various others 
[ 13 ]. Yet, the best investigated population of regulatory lymphocytes are CD4+ 
CD25+ Foxp3+ naturally occurring regulatory T cells, which are physiologically 
produced in the thymus as a mature and functional cell population [ 14 ]. While it is 
still unknown at which specifi c site Treg act as immunomodulators after stroke, 
their kinetics and magnitude of brain infi ltration have been characterized in several 
studies using models of experimental middle cerebral artery occlusion (MCAO). 
One of the fi rst studies systematically analyzing brain leukocyte invasion after 
transient brain ischemia (fi lament-induced MCAO resulting in large hemispheric 
lesions) by fl ow cytometry was performed by Gelderblom and colleagues [ 15 ]. In 
this study only a very low number of CD25+ Foxp3+ Treg cells at a frequency of 
less than 5 % of all CD4+ T cells was observed within the fi rst week after transient 
ischemia. In contrast, using a permanent MCA occlusion model we detected sub-
stantial T cell and Treg counts in the ischemic hemisphere (Fig.  1 ) with Foxp3+ 
Treg cells constituting approx. 20 % of all CD4+ cells [ 16 ]. Correspondingly, it was 
previously shown that distal, permanent occlusion induces a signifi cantly stronger 
neuroinfl ammatory reaction with manifold higher T cell counts in the ischemic 
hemisphere than in proximal, transient occlusion models [ 17 ]. Also in contrast to 
the initial study by Gelderblom et al., a more recent work by Stubbe et al. has inves-
tigated cerebral Treg counts also at later stages after large hemispheric lesions and 
detected only negligible Foxp3+ cells in ischemic hemispheres early after MCAO 

  Fig. 1    Regulatory T cells invade the ischemic brain. Immunohistochemical sections showing Treg 
cells predominantly in the peri-infarct area. Arrows indicate Foxp3+ Treg cells; the asterisk marks 
a blood vessel (Liesz et al., Nature Medicine, 2009)       
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but substantial brain Treg invasion at 14days and 30days after MCAO. Additionally, 
the percentage of Treg cells within the T helper  cell population was increased in brains 
after stroke compared to peripheral lymphatic organs [ 18 ].

   Apart from the evidence of variable Treg cell invasion depending of the used 
stroke model, it is feasible to assume that Treg cells might execute their function on 
target cells in the peripheral immune system. The majority of studies has detected the 
effector function of Treg cells in depletion or therapeutic paradigms (see below) 
already within the fi rst days after brain injury before a considerable amount of Treg 
have even invaded the brain. Likewise, delayed deletion of Treg cells by antibodies 
or in inducible Foxp3-KO mice at 3days after MCAO was not effective in altering 
stroke outcome [ 18 ,  19 ]. Hence, although the defi nite site of action for Treg after 
stroke is still unsolved, currently available data suggests that Treg fulfi ll their immu-
nomodulatory function within the fi rst 3days after stroke and most likely outside the 
CNS. Potential peripheral target sites of Treg cells might include suppression of 
peripheral effector T cell activation, inhibition of autoantigen-specifi c clonal expan-
sion or priming of transendothelial effector T cell-migration via currently unknown 
mechanisms.  

3     Treg Depletion in Experimental Stroke 

 Depletion of the regulatory T cell population has been used as an experimental para-
digm to investigate the functional role of Treg in brain ischemia in several publica-
tions (Table  1 ). Methodologically, two different approaches have been used for Treg 
depletion, antibody-mediated cell lysis using CD25-specifi c antibodies or the use of 
transgenic mice with a diphtheria toxin receptor (DTR) transgene under the control 
of the Foxp3 promotor for inducible Treg depletion. Using Treg-depletion para-
digms about half of the experiments performed revealed an increased infarct volume 
while the other half did not detect any effect on stroke outcome and one study even 
observed a reduction of infarct size in Treg-defi cient mice (Table  1 ). This discrep-
ancy of Treg depletion on stroke outcome led to an unsolved debate on their role and 
denomination of Treg as a “double-edged sword” in acute brain injury [ 20 – 22 ]. This 
discrepancy could not be attributed to the used depletion paradigm, since genetic 
deletion models can be found on both sides of the “effi cacy spectrum”. Notably, the 
three publications using inducible Foxp3-KO mice used in each case a different 
mouse strain: Ren et al. [ 23 ] used the original Foxp3 DTR  mouse [ 24 ], Liesz et al. [ 19 ] 
the Foxp3.LuciDTR.4 mouse line [ 25 ], and Kleinschnitz et al. [ 26 ] the DEREG 
mouse [ 24 ]. All three of these DTR-transgene-mediated Foxp3-deletion models are 
using different transgene constructs, are variable in Treg-depletion effi cacy and the 
used DT treatment protocol. Nevertheless, a systematic bias by the used depletion 
paradigm did not become evident for the authors. In contrast, it is apparent that the 
utilized stroke models, and more precisely the resulting volume of the ischemic 
lesion, do indeed predict a deterioration of outcome versus no effect or improved 
lesion size after Treg depletion (Table  1 ). In this line, both studies from our group 
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have detected an increase of stroke volume after Treg depletion only in small, per-
manent ischemia lesion models but not after extensive infarction induced by tran-
sient MCAO [ 16 ,  19 ]. A recent study by Xie et al. has also detected an increase of 
infarct volume after antibody-mediated Treg depletion in a rat model of moderate 
brain ischemia with rapamycin pretreatment [ 27 ]. In contrast, all studies investigat-
ing effects of Treg depletion without detection of an effect on stroke outcome [ 16 , 
 18 ,  19 ,  23 ,  28 ] or even an increase of lesion volume [ 26 ] were performed in tran-
sient mechanical occlusion models with extensive brain lesions.

   The immunological effects of Treg depletion on the neuroinfl ammatory outcome 
after stroke have unfortunately only been investigated in a small fraction of the stud-
ies (Table  2 ). All three studies detecting an exacerbation of stroke outcome after 
Treg depletion also measured an associated increase in neuroinfl ammatory bio-
markers [ 16 ,  19 ,  27 ]. The most robust fi ndings were an increase in leukocyte brain 
invasion, particularly of lymphocyte subpopulations, and an increase in pro- 
infl ammatory cytokine secretion such as TNF-α, IL-1β, IL-12, and IFN-γ. Among 
the studies using models of extensive brain injury with no effect of Treg depletion 
on stroke outcome, only one study [ 18 ] has investigated neuroimmunological 
 readouts. Correspondingly to the missing effect on lesion volume, also infl amma-
tory markers were not altered by the antibody-mediated Treg depletion in this study.

4        Treg-Therapies for Ischemic Stroke 

 Despite the obvious and still unresolved discrepancies arising from studies investi-
gating effects of Treg depletion, a rapidly increasing number of reports have ana-
lyzed different strategies to increase the Treg number and/or function for 
experimental stroke therapy (Table  3 ). Out of 15 independent experiments reported 
in 13 studies, 13 have detected an improvement of stroke outcome while two 
have demonstrated an increase in infarct volume when using two independent 
 Treg- targeted therapies. This discrepancy could not be attributed to the used 

   Table 2    Effect of Treg depletion on cerebral neuroinfl ammation   

 Study 
 Outcome on 
infarct volume 

 Leukocyte 
invasion 

 Cerebral 
cytokines  Microglia 

 Liesz et al. (2009)  Increased  ↑  ↑  (↑) 
 Liesz et al. (2013)  Increased  NA  ↑  NA 
 Xie et al.  Increased  ↑  ↑  No effect 
 Liesz et al. (2009)  No effect  NA  NA  NA 
 Ren et al.  No effect  NA  NA  NA 
 Li et al. (2013)  No effect  NA  NA  NA 
 Stubbe et al.  No effect  No effect  No effect  No effect 
 Liesz et al. (2013)  No effect  NA  NA  NA 
 Kleinschnitz et al.  Reduced  NA  NA  NA 

Regulatory T Cells in Ischemic Brain Injury
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therapeutic paradigm since both studies showing an exacerbation of lesion volume 
(adoptive Treg transfer and CD28SA) have been respectively tested in three or more 
other experiments that have been showing an improved outcome (Table  3 ). Again, 
it seems that the lesion size induced by the used stroke model might be a predictor 
of the neuroprotective effect of Tregs: out of the 13 experiments detecting a benefi t 
of Treg-therapy, only two have reported infarct volumes in the control group of 
more than 40 % of the hemisphere, while the other studies deployed models induc-
ing small to moderate-sized lesions. Yet, particularly two studies [ 29 ,  30 ] using both 
the CD28SA treatment in transient ischemia models with similar lesion size have 
reported contradicting results, indicating the presence of other confounding factors 
independent of lesion volume. We have performed in a recent review a Meta- 
analysis in order to assess an approximation of the effi cacy of Treg-targeted thera-
peutic approaches in experimental stroke models [ 31 ]. For this, all studies having 
investigated interventions with the aim to modulate Treg (defi ned at least by CD25 
or Foxp3 expressing CD4+ T cells) number and/or effi cacy in models of experimen-
tal brain ischemia were included in the analysis. The overall effect size estimation 
revealed an odds ratio favoring Treg-targeted interventions [ 31 ]. However, a large 
heterogeneity between the included studies regarding study design, experimental 
model and species (rat and mouse) has to be taken into account. Therefore, the num-
ber of studies investigating Treg interventions has 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 fi eld as Treg- 
targeted cell therapies for acute brain injuries.

5        Mechanisms of Treg Function in Post-Stroke 
Neuroinfl ammation 

 Basic immunological research on Treg function has identifi ed several mechanisms 
by which Treg cells suppress an immune reaction [ 32 ]. These can be mainly divided 
into mechanisms acting on lymphocyte activation and mechanisms inhibiting 
antigen- presenting cells of the innate immune system. While most of these mecha-
nisms can be recognized using in vitro model systems, the contribution of individual 
mechanisms such as different anti-infl ammatory cytokines or cell–cell-contact 
dependent suppression is highly diverse in between in vivo disease models. The 
most prominent mechanisms of Treg function in vivo are the secretion of anti- 
infl ammatory cytokines (IL-10, TGF-β), expression of immunosuppressant mole-
cules (CTLA-4, CD39, PD, consumption of vital cytokines (IL-1, IL-2) and the 
secretion of cytolytic molecules (granzymes, perforin) [ 6 ]. 

 In the model of experimental brain ischemia, several studies have demonstrated 
that IL-10 is a critical neuroprotective cytokine regulating post-stroke neuroinfl am-
mation [ 33 – 36 ]. The main sources of cerebral IL-10 are regulatory lymphocytes 

Regulatory T Cells in Ischemic Brain Injury
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(T and B cells) and microglia/monocytes. The key role of IL-10 as a primary effector 
mechanism of Treg cells in tissue injury [ 37 ] was verifi ed in some of the experimen-
tal stroke studies [ 16 ,  19 ,  38 ]. Accordingly, strategies increasing lymphocyte- derived 
IL-10 production [ 19 ,  29 ,  35 ,  39 ] or therapeutic IL-10 administration [ 33 ,  36 ,  40 ] 
have been shown to be benefi cial for stroke outcome. In addition, alternative Treg 
mechanisms have been identifi ed also in brain ischemia models such as the expres-
sion of TGF-β and IL-35 [ 27 ] as well as a role of Treg cells in the PD-1/PD-L1 
pathway. Pro-infl ammatory lymphocytes and brain-resident microglia/macrophages 
have been characterized as the target cells for the immunosuppressive effect of Treg 
cells after brain injury. Studies that have identifi ed a benefi cial effect of Treg detected 
an inhibition of T cell brain invasion [ 16 ,  28 ], suppression of effector T cell prolif-
eration [ 19 ], reduced production of lymphocytic and monocytic cerebral cytokines 
[ 27 ,  28 ,  41 ], suppression of microglia/monocyte activation [ 16 ] or a priming towards 
a M2-like microglial phenotype [ 27 ]. In contrast, studies detecting an exacerbation 
of stroke burden by Treg-targeted therapies [ 26 ,  30 ] have found an association of the 
increased lesion volume with amplifi ed cerebral immune cell accumulation [ 30 ], 
however, it is assumable that the deleterious effects observed by Treg in these two 
studies might be independent of an immunological function but rather attributable to 
an impact on secondary microthrombosis [ 26 ].  

6     Circulating Treg Cells After Stroke 

 Acute brain ischemia induces profound alterations of the peripheral immune reac-
tion, encompassing peripheral immune activation in the acute phase after brain 
injury [ 42 ] and an immunosuppressive syndrome in the later phase [ 43 ]. In addition 
to the effect of Treg in modulating central neuroinfl ammation, their functional role 
has also been detected in alterations of the peripheral immune system after stroke. 
A consistent fi nding in the subacute phase after extensive experimental stroke is that 
cellular immunosuppression and splenic atrophy is accompanied by a relative 
expansion of Treg cells in spleen and blood [ 44 ,  45 ]. Interestingly, a recent report 
suggested that the adoptive transfer of Treg cells reduced on one side the systemic 
infl ammatory reaction in the acute phase after stroke and on the other side also 
ameliorated the extent of immunosuppression (i.e., lymphopenia) in the later sub-
acute phase [ 46 ]. This fi nding of a dualistic role of Treg in systemic immunity 
comparing the acute and subacute phases after stroke is well in line with the concept 
that the initial overactivation of the peripheral immune system might result in the 
later immunosuppression syndrome [ 47 ]. Thereby, the potent homeostatic function 
of Treg might suppress the initial systemic infl ammation, attenuating the subse-
quent immune disturbances such as lymphopenia due to activation-induced lym-
phopenia cell death and exhaustion of antigen-presenting cells.  

A. Liesz
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7     Regulatory T Cells in Stroke Patients 

 Only very few studies have investigated regulatory T cells in stroke patients. 
Understandably, these studies have focused on peripheral immune effects after 
stroke by investigating blood samples of patients with different stroke entities. 
The fi rst study specifi cally analyzing Treg function after stroke by Hug et al. has 
found that Treg function is preserved in the context of post-stroke immunosuppres-
sion in contrast to the dysfunction of effector cell populations such as circulating 
monocytes or helper T cells [ 48 ]. In contrast, a second study has found reduced 
suppressive capacities of post-stroke Treg in female but not male stroke patients, 
proposing sex-specifi c effects on post-stroke peripheral immunity [ 49 ]. This differ-
ence 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 signifi cant reduc-
tion of peripheral Treg in stroke patients [ 50 ]. 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 infarc-
tion, this association was not present for stroke [ 51 ]. Overall, clinical data is sup-
porting the experimental fi nding of substantial peripheral immunomodulation after 
stroke, which is also affecting the Treg population, yet, specifi c changes might 
depend on stroke entity, severity, and patient characteristics.  

8     Potential Causes for Differential Effects of Treg Function 
in Post-Stroke Neuroinfl ammation 

 As previously discussed, considerable discrepancy on the role of Treg in stroke can 
be observed in the literature. Based on our current knowledge of mechanisms 
involved in post-stroke secondary neuroinfl ammation as well as the impact of acute 
brain injuries on the peripheral immune system [ 1 ,  43 ,  52 ], the most probable rea-
sons for this phenomenon shall be discussed in the following paragraph. 

8.1     Thromboinfl ammation and Secondary Microthrombosis 

 The commonly used transient MCA occlusion models by intraluminal fi laments 
which were also used in the two studies detecting a deleterious role of Treg in stroke 
[ 26 ,  30 ] can be described as a transient mechanical vascular occlusion model (TMVO) 
with prompt revascularization. One prominent and distinct feature of this model is 
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the occurrence of a delayed neuronal damage due to microthrombosis [ 53 ]. Notably, 
the occurrence of microthrombosis is not common to human stroke and animal mod-
els of permanent or gradual reperfusion [ 54 ] and might rather represent a subpopula-
tion of stroke patients receiving endovascular reperfusion therapy with immediate 
recanalization of a proximal artery. In experimental models, the presence of such 
microthrombosis might be determined by the extent of endothelial damage induced 
by the fi lament insertion, speed of fi lament retraction, and occlusion time. Finally, 
these at fi rst-sight minor methodological differences might have a major pathophysi-
ological impact by the presence or absence of secondary thrombosis [ 54 ,  55 ].  

8.2     The Impact of Lesion Volume on Stroke-Immunology 

 As noted above, it seems that lesion size might be a confounder independent of 
reperfusion. 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 [ 43 ,  45 ,  52 ,  56 ]. While mice and men with substantial 
brain lesions develop substantial lymphopenia and alterations of the monocyte pop-
ulation, small ischemic injuries induce only a minor immunomodulation but no 
immunosuppressive syndrome. While the impact of peripheral immunosuppression 
after major stroke on secondary neuroinfl ammation was to our knowledge not sys-
tematically investigated, it is conceivable that peripheral immune alterations might 
affect also central neuroinfl ammation. Indeed, a recent 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 dif-
fering lesion size detected crucial difference in between models with manifold 
stronger infl ammatory reaction in small permanent ischemia models than in exten-
sive hemispheric lesions after transient MCA occlusion [ 17 ]. Therefore, it is plau-
sible that regulatory T cells have an inferior role in stroke models with only minor 
bystander infl ammation compared to the critical role of Treg cells in lesion models 
with an overshooting immune reaction (Fig.  2 ).

8.3        Milieu-Dependent Treg Function 

 Moreover, the above stated methodological difference including the presence of 
microthrombosis/thromboinfl ammation, induction of peripheral immune altera-
tions, and the extent of neuroinfl ammation might have a direct impact on the func-
tional properties of natural Treg cells. It is known from other disease paradigms that 
Treg function in vivo might be particularly dependent of the immunological milieu. 
For example in cancer research this phenomenon—very much alike to stroke- 
immunology—has been termed as the “Janus-faced function of Treg” [ 57 ,  58 ]. In 
addition, the currently predominant perception of neuroinfl ammation 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 
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Kipnis have established the concept of “protective autoimmunity” (see Schwartz 
and Raposo [ 59 ] for a recent review of the concept). This concept ascribes second-
ary infl ammation as a generally physiological and protective mechanisms in which 
too much of immune activation as well as immunosuppression might be deleterious. 
Accordingly, in certain situations of acute brain lesions and neurodegeneration 

  Fig. 2    Differential role of regulatory T cells in experimental stroke models. The schematic dia-
gram illustrates the discrepancy of the observed role of Treg in the 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 neuroinfl ammatory reaction, 
but preserves peripheral immune homeostasis with only minor immunomodulation. In this context, 
Treg have a primary role in inhibiting an overshooting infl ammatory reaction mediated by pro- 
infl ammatory 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 inju-
ries ( right panels ) have less pronounced neuroinfl ammation, but induce an immunosuppressive 
phenotype of the peripheral immune system. Here, Treg have only a minor function in suppressing 
the neuroinfl ammatory response, and might even have a non-immunologic function in the manifes-
tation of secondary microthrombosis and thromboinfl ammation. The principal role of Treg in 
TMVO models seems rather to be in ameliorating immune disturbances by inhibiting initial immu-
nologic activation or overactivation and later immunosuppression, thereby preserving homeostatic 
systemic immune function.  IL-10 , interleukin 10;  TGFβ , tumor growth factor β (Reproduced from 
Liesz et al., Stroke, 2015)       
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models—determined by the time-dependent infl ammatory milieu of the brain dur-
ing disease progression—Treg depletion as well as its augmentation might nega-
tively affect the outcome [ 60 – 62 ]. Therefore, the very specifi c properties of the used 
stroke model and targeted mechanism of Treg function have to be carefully investi-
gated before considering Treg in a potentially oversimplifi ed model as  good or bad  
immune cells after stroke.      
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