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Ischemic stroke, caused by a sudden disruption of blood flow to the brain, is a leading
cause of death and exerts a heavy burden on both patients and public health systems.
Currently available treatments for ischemic stroke are very limited and are not feasible in
many patients due to strict time windows required for their administration. Thus, novel
treatment strategies are keenly required. T cells, which are part of the adaptive immune
system, have gained more attention for its effects in ischemic stroke. Both preclinical and
clinical studies have revealed the conflicting roles for T cells in post-stroke inflammation
and as potential therapeutic targets. This review summarizes the mediators of T cell
recruitment, as well as the temporal course of its infiltration through the blood-brain-
barrier, choroid plexus, and meningeal pathways. Furthermore, we describe the
mechanisms behind the deleterious and beneficial effects of T cells in the brain, in both
antigen-dependent and antigen-independent manners, and finally we specifically focus on
clinical and preclinical studies that have investigated T cells as potential therapeutic targets
for ischemic stroke.
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INTRODUCTION

Stroke is the second-leading cause of death and disability worldwide (1–4). Ischemic stroke is the
most common stroke type, accounting for 62% of all stroke incidents in 2019 (5, 6). In the acute
phase, clinical treatments of ischemic stroke center on recanalization therapies, which restore blood
flow to the infarct area and rescue salvageable tissues, and thus promote the recovery of neurological
functions (7). FDA-approved recanalization therapies are currently limited to intravenous
thrombolysis with recombinant tissue-type plasminogen activator (rtPA) and mechanical
thrombectomy (8, 9). However, only a small group of patients can receive these treatments
because many patients have missed the strict time window required at the time of admission or
diagnosis (10). Therefore, novel treatment strategies for ischemic stroke are urgently needed.

Under homeostatic conditions, immune responses in the brain are rigorously regulated. Immune
cells, other than central nervous system (CNS) resident microglia, are largely absent from
org July 2021 | Volume 12 | Article 7079721
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theparenchyma. Together with the isolation of CNS components
from the peripheral immune system by tightly regulated barriers,
unwanted immune responses and autoimmunity are minimized.
However, ischemic stroke induces an evident inflammatory
response, characterized by the rapid activation of resident
microglia and subsequent infiltration of peripheral leukocytes
(11). Various mechanisms, ranging from the secretion of soluble
mediators to direct interaction with CNS resident cells, are
deployed by immune cells to promote an inflammatory
environment within the ischemic brain, inducing cell
death and worsening stroke outcome (11, 12). Therefore,
alleviating post-stroke inflammation could benefit patients
with stroke.

Among all immune components, T cells are especially of
interest given their potency in both innate and adaptive immune
responses. Several subsets of T cells with various functions exist,
but all are types of lymphocytes marked by the expression of
CD3 (13, 14). T cells can be divided into the ab subset, whose
T cell receptors (TCR) are heterodimers of the a and b chains,
and the unconventional gd subset, whose TCRs are heterodimers
of the g and d chains. The ab subset can be further divided into
CD4+ T helper cells (Th), which regulate of the functions of
phagocytes, granulocytes, and other lymphocyte subsets, CD8+
cytotoxic T lymphocytes (CTL), which exert a direct cytotoxic
role, and regulatory T cells (Treg) that regulate immune
responses (14). The surface makers, transcription factors
important for differentiation, cytokine secretion, and functions
of the major T cell subsets are listed in Table 1.

The effects of T cells on stroke outcomes have been robustly
confirmed (15). Compared with wild-type mice, recombinant
activating gene 1 (Rag1) -/- mice, which are deficient in T and B
cells, develop significantly smaller infarcts areas, demonstrating
the deleterious effects of T cells (16, 17). However, it should not
be overlooked that distinct mechanisms underlie post-stroke
inflammation in different subsets of T cells. Certain subsets of
T cells, including Tregs, have shown protective effects (18).
Therefore, elucidating the T cell response after ischemic stroke
could promote the development of novel stroke therapies.
Frontiers in Immunology | www.frontiersin.org 2
This review aims to summarize the process of T cell response
after ischemic stroke, beginning with describing how and when
the T cell response is initiated. Next, we discuss the routes and
drivers of T cell infiltration, as well as the mechanisms
underlying the deleterious and protective T cell-mediated
effects on the ischemic brain. Finally, we focus on experimental
studies and clinical trials on potential T cell-targeted therapies.
T CELL RECRUITMENT AND
INFILTRATION TO THE CNS

Ischemic stroke is caused by a sudden disruption in blood flow
resulting from parenchymal vasculature occlusion. Local low-
perfusion and hypoxic environments quickly induce metabolic
dysfunction and cell death, followed by the release of damage-
associated molecular patterns, reactive oxygen species, and
ATPs, which all interact with microglia, the brain resident
immune cells. Subsequently, microglia are activated, inducing
their secretion of cytokines and potentiating blood-derived
leukocyte infiltration, and therefore initiate an inflammatory
cascade (11).

Adhesion and Infiltration of T Cells
T cell trafficking marks the beginning of the T cell response in
ischemic stroke. Leucocytes flow at high speeds in blood vessels
in homeostatic conditions. However, in ischemic stroke,
following phases of tethering, rolling, arrest, and adhesion,
T cells attach to the endothelium through the combination
specific adhesion molecules (19). The initial tethering and
rolling of T cells is mediated by the binding between
endothelial selectins and its T cell ligands (20). Selectins are a
family of three closely related glycoproteins, including P-selectin
expressed on platelets and the endothelium, E-selectins
expressed on vascular endothelium, and L-selectin expressed
on leukocytes (21). In ischemic stroke, the level of P-selectin
and E-selectin on endothelial cells are upregulated in response to
the cytokines secreted by microglia (22). The predominant ligand
TABLE 1 | Major T cell subsets involved in the post-stroke immune response.

Subset Surface marker Transcription
factor

Cytokine secretion Function

ab T lymphocytes
T Helper
-Th1 CD3+ CD4+, CD8- T-bet IFN-g, TNF-a, IL-2 Defense against intracellular pathogens, macrophage

activation and inflammation
-Th2 CD3+ CD4+, CD8- GATA3 IL-4, IL-5, IL-10, IL-23, IL-33 Defense against parasite infection, B cell activation and

allergy
-Th17 CD3+ CD4+, CD8- RORgt IL-17, IL-6, IL-21, IL-22 Defense against bacteria and fungi and autoimmunity

Regulatory T cell (Treg) CD3+ CD4+ CD25+ FOXP3
+*

FOXP3 IL-10, TGF-b, IL-35 Regulation of immune response and protection from
autoimmunity

Cytotoxic T cell (CTL) CD3+ CD8+, CD4- – – Cytotoxic effects, including defense against virus, bacteria,
parasites and tumors. Contribute to some autoimmune
diseases.

gd T lymphocytes
gd T lymphocytes gd TCR – – Pathogen clearance, inflammation and tissue homeostasis
*This is the most commonly discussed regulatory T cells and is referred to as Treg throughout this review, although other subsets of Tregs also exist.
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of P-selectin, P-selectin glycoprotein ligand 1 (PSGL-1), is
constitutively expressed by all subsets of T cells (23). In
contrast, T cell immunoglobulin and mucin domain 1 (TIM-
1), another P-selectin ligand, cooperates with PSLG-1 to mediate
the tethering and rolling of Th1 and Th17 cells, but not Th2 and
Tregs in the inflamed CNS microvasculature (24). The E-selectin
ligands expressed on T cells include CD43 and CD44, and
facilitate Th1 cell tethering in inflammation (21, 25). Whether
these E-selectin ligands are also utilized by other T cell subsets
remains unclear (Figure 1C).

The initial tethering and rolling of T cells increase the chance
of interaction between T cell integrins and their endothelial Ig
Frontiers in Immunology | www.frontiersin.org 3
superfamily ligands, which are necessary for their subsequent
firm arrest on the endothelium (26–28). VLA-4 and VCAM-1 is a
well-characterized integrin-ligand pair, with VLA-4 being widely
expressed on peripheral blood lymphocytes and VCAM-1
expressed in endothelial cells at an upregulated level in
ischemic stroke (29). This integrin pair is universally used by all
T cell subsets, as blocking VLA-4 with an antibody of its a4-
integrin unit reduced the infiltration of Th, CTL, and Treg cells to
the brain and reduced the infarct volume (30–32). Other integrin
pairs, however, are preferentially used by specific T cells subsets.
Tregs preferentially use the adhesion molecule pair LFA-1 and
ICAM-1, and express the highest levels of LFA-1 among all T cell
A

B

C

FIGURE 1 | Infiltration routes of T cells after ischemic stroke. (A) Choroid plexus (CP) T cells infiltrate to the CP stroma through the fenestrated capillaries. The tight
junctions between epithelial cells and lack of adhesion molecules on the stromal side of the CP hinder T cell transmigration to the CSF. T cells in the stroma directly
migrate to the parenchyma from the root of CP. (B) Meninges. gd T cells migrate from the intestines to the brain after ischemic stroke and are preferentially located in
the leptomeninges. gd T cells secrete IL-17 and induce the upregulation of CXCL1 and CXCL2 in the parenchyma. (C) Impaired blood-brain barrier in the
parenchymal vasculature. T cells are initially tethered by the interaction between PSLG-1 and P-selectins on endothelial cells. Th1 cells also use TIM-1-P-selectin and
CD43/44-E-selectin interactions for their tethering and rolling. Further adhesion and arrest of T cells are mediated by integrin and their receptors. VLA-4 and VCAM-1
are universally used by all T cell subsets while the LFA-4 and ICAM-1 pair is preferentially used by Tregs. Further, the chemokine and receptor pair CCL5 and CCR5
facilitates Treg docking on endothelial cells. Chemokine and receptor interaction facilitates interstitial locating in a cell-type-specific fashion.
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subsets (33). In vitro adhesion assays revealed a more prominent
binding capacity of Tregs to ICAM-1 compared with other CD4+
T cells (33). Similarly, blocking LFA-1 exerted protective effects
on Rag-/- mice that underwent adoptive transfer of CD4+ CD25+
Tregs, but not other CD4+ cells (Figure 1C) (33). Whether other
T cell subsets use specific integrin pairs remains to be explored.

Chemokines, a large family of cytokines with chemotactic
activity, mediate intravascular lymphocyte adhesion, as well as
their interstitial migration and positioning (28, 34). T cells
express various chemokine receptors. Ccr2-/- mice show less T
cell infiltration into the parenchyma, and there is an
upregulation of CCL2 in the cortex after ischemic injury,
suggesting the crucial role of CCL2/CCR2 interaction in over-
all T cell infiltration (35). The chemokine receptor expression
profile in T cells shifts with the temporal course of stroke. As
early as 24 hours after middle cerebral artery occlusion (MCAO),
a mouse model of ischemic stroke, there is an upregulation of
CCR5 in CD4+ CD25+ Tregs. Together with the upregulation of
its ligand CCL5 in endothelial cells at the injured site, this CCL5/
CCR5 interplay mediates Treg docking to the injured
endothelium and prolongs the time of contact between Tregs
and endothelial cells, and therefore help to maintain Tregs at the
lesion site (36). At subsequent stages of ischemic stroke (day 14),
Tregs shift to increased expression of CCR8 and CCR6. An
upregulated expression of their ligands, CCL1 and CCL20, in
astrocytes and oligodendrocytes in the parenchyma, respectively,
are also observed (37). Different chemokine receptors are
preferentially expressed on certain T cell subsets, which
mediates cell type-specific infiltration. For example, brain-
infiltrating IL-17 producing gd T cells naturally express CCR6.
CCR6 deficiency in these cells decreases their post-MCAO
infiltration while the number of CD4+ and CD8+ T cells
remain unaltered, suggesting the preferential use of CCR6 in
gd T cell migration (38). The preferential use of chemokine
signaling by other T cell subsets remains to be explored. Taken
together, these findings indicate that the temporal-dependent
and cell-type-selective chemokine/receptor interaction direct the
post-stroke “fine-tuning” of T cell infiltration in the
brain (Figure 1C).

Routes of T Cell Infiltration
In ischemic stroke, three routes of T cell infiltration are
proposed, i.e., the blood-brain barrier (BBB) (Figure 1C),
choroid plexus, and meninges (39). In a mouse model of
transient MCAO, a significant dysfunction of blood brain
barrier (BBB) occurs 2 h after reperfusion in the distal
capillary and venular microvascular beds (40). Further, this
dysfunction is observed in human patients as early as at 3
hours after stroke, as demonstrated by contrast enhancement
on T1-weighted imaging (41). The mechanism of BBB
dysfunction and its inflammatory response have been
comprehensively reviewed elsewhere (42, 43). The impaired
BBB integrity gives way for T cell infiltration (42, 44).

Another significant pathway for T cell infiltration is the
choroid plexus (Figure 1A). The choroid plexus is a plexus of
cells located in the lateral, third, and fourth ventricles with the
major function of cerebrospinal fluid (CSF) production (45). It
Frontiers in Immunology | www.frontiersin.org 4
comprises of the innermost layer of fenestrated capillaries
surrounded by connective tissues, which are termed the
stroma, and the outermost layer of epithelial cells connected by
tight junctions that is continuous with ependymal cells that lines
the ventricles (39). Together, these structures form the blood
cerebral spinal fluid barrier (BCSFB). The fenestrated endothelial
cells facilitate immune cell infiltration into the stroma, while the
tight junctions between epithelial cells and the exclusive
expression of adhesion molecules VCAM and ICAM on the
ventricular side hinder immune cell migration to the CSF (46).
Fluorescent tracing show that approximately two-thirds of all
infiltrated T lymphocytes in the ischemic parenchyma originate
from the choroid plexus of the ipsilateral lateral ventricle (35).
Only choroid stroma infarction, but not CSF circulation
blockage, could reduce the number of infi ltrated T
lymphocytes, suggesting that T cells directly enter the
parenchyma through the stroma of the choroid plexus, rather
than by passing the tight blood-CSF barrier and then entering the
parenchyma (35). Nevertheless, activated T cells can be found in
the CSF of human patients (47). Further studies are thus required
to confirm the infiltration route of T cells from the choroid
plexus to the parenchyma.

Additionally, T cells migrate from the meninges to the brain
(Figure 1B). In patients with ischemic stroke, the accumulation
of T cells in the meninges can be observed within the first 3 days
post insult (47). Using fluorescent cell tracing, Benakis et al.
reported mobilization of gd T cells from the intestines and
specific accumulation in the leptomeninges early after MCAO
(48), accompanied by increased levels of IL-17 and the
chemokines CXCL1 and CXCL2 in the meninges (48).
However, it remains unclear whether these cells proceed to
infiltrate the parenchyma. Meningeal gd T cells have been
shown to mediate anxiety-like behaviors in mice through
neuronal IL-17Ra signaling under homeostatic conditions (49).
Future studies should examine whether the increased post-stroke
accumulation of translocated gd T cells mediates post-stroke
behavioral changes.

Temporal Course of T Cell Infiltration
CD3+ T cell infiltration is evident as early as the first 24 hours
after MCAO in animal models (50). In transient MCAO models,
the peak of T cell infiltration appears at 3–5 days after stroke
induction (50–53). In permanent MCAO (pMCAO) models, T
cells infiltration peak at a relatively delayed timing of 7 days after
stroke, although a solitary study reported an early peak at 6 h
(54). Although most studies focused on the first 7 days after
ischemic stroke, it should be noted that T cell accumulation in
the brain continue to happen after 7 days. A long-term T cell
response, represented by the presence of T cells in the
parenchyma and their expression of active-state markers, lasts
until at least day 28 (55, 56). Different T cell subsets do not act as
synchronized troops during infiltration into the brain. Table 2
presents the published data on the temporal course of infiltration
of T cell and its subsets.

In patients with ischemic stroke, T cell numbers have been
shown to increase from day 1 to at least day 124 after stroke, with
an escalated speed of accumulation between days 8 and 20 (47,
July 2021 | Volume 12 | Article 707972
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62). An increased count of lymphocytes and CXCL-11, a T cell
chemoattractant, in arterial blood drawn from the distal side of
the occlusion site during mechanical thrombectomy, can already
be found (63), suggesting that T cell recruitment in humans
begins in the hyperacute phase of ischemic stroke. In addition,
robust infiltration of activated T cells into the infarct brain has
been reported on day 140 day after stroke, of which > 60% are
CD3+ CD8+ T cells, suggesting a long-lasting T cell response in
the human ischemic brain (47). There is, however, a lack of
information on the temporal infiltration of different subsets of T
cells in human patients.
ANTIGEN-INDEPENDENT AND ANTIGEN-
DEPENDENT T CELL RESPONSE

T cells are involved in post-stroke inflammation in both antigen-
dependent and antigen-independent manners. In the early phase
of ischemic stroke, T cells react in an antigen-independent
manner and are closely associated with infarct volume
development. This conclusion is inferred based on the
following findings. First, an antigen-dependent response
requires TCR binding with its specific antigen processed and
presented by antigen-presenting cells (APC), as well as signals
from costimulatory molecules (64). However, on day 1 after
ischemic stroke, transgenic mice with CD4+ or CD8+ T cells
bearing a uniform TCR, mice deficient in costimulatory
Frontiers in Immunology | www.frontiersin.org 5
molecules CD28, B7-H1, or PD1 are as fully susceptible to
ischemic reperfusion injury as their wild-type littermates (16).
This suggests that the deleterious effect of T cells occurs in the
absence of antigen recognition. Second, certain T cell subtypes,
including gd T cells, naturally do not require antigen recognition
for activation (38, 65). Depletion of gd T cells has been shown to
exert protective effects only after 3 days post stroke, a time when
their IL-17 secretion became evident (53). Third, by measuring
TCR diversity of specific TCR hypervariable region genes, Liesz
et al. confirmed that clonal expansion of T cells, the hallmark
of T cell antigen recognition, first appeared on 7 days after
MCAO (57). This is consistent with the fact that antigen
recognition usually takes 3 to 7 days (64). The temporal
dissociation between adaptive immune response and early T
cell-dependent effects indicate that the early deleterious effects of
T cells, at least within the first 3 days, are not antigen-dependent.
Table 3 summarizes the antigen-dependent and -independent
responses of T cells.

Antigen-dependent T cell responses occur in the later stages
of ischemic stroke. Adoptive transfer of CD8+ cytotoxic T
lymphocytes (CTL) obtained from OVA-specific ovalbumin
transgenic mice, which only have TCRs specific to a chicken
protein, to Rag-/- mice caused a smaller infarct volume at 7 days
and 14 days after stroke and a reduced number of infiltrated
CTLs in the parenchyma (73). Additionally, there was no
infiltration of CD4+ T cells in Rag-/- OTII transgenic mice on
day 14 after ischemic stroke (37). Furthermore, Treg
development in the brain is antigen-dependent since Tregs
TABLE 2 | Temporal course of T cell infiltration to the brain parenchyma

Strain Model Cell type Method Observation Ref

C57BL/6J PO CD3+ T cells IHC T cell count keeps rising from day 1 to day 28. (55)
T cells accumulate in the infarct core and corpus callosum.

C57BL/6J PO CD3+ T cells M T cell count peaks at 7 days and begins to decrease till day 21. (57)
CB-17 mice PO CD3+ T cells IHC T cell count peaks at 6 hours after stroke and is decreased at 24h. The count slightly rises from day 1 to

day 7.
(54)

C57BL/6 PO CD3+ T cells IHC T cell count significantly increases from day 1 to day 5. (30)
T cells accumulate in the peri-infarct zone.

Sprague‐Dawley
rats

PO CD3+ T cells IHC T cell count rises from 6h to 6 days after stroke. (58)

C57BL/6 60 min
TA

CD3+ T cells IHC, F T cell count increases from day 1 to day 7 after ischemic stroke and peaks at 3 days. (52)

C57BL/6 60 min
TA

CD3+ T cells F T cell count increases from day 1 to day 6 after ischemic stroke, with a peak on day 3. (53)

C57BL/6 60 min
TA

CD3+ T cells F T cell count increases from day 1 to day 7 and peaks on day 3. (50)

C57BL/6J 30 min
TA

CD4+ T cells FACS CD4+ T cell count continues to rise from day 7 to day 30. (59)

C57BL/6 60 min
TA

CD4+ T cells F CD4+ T cell count slightly increases from day 1 to day 6 after stroke. (53)

C57BL/6J 60 min
TA

CD8+ T cells F CD8+ T cell count increases from day 1 to day 3 after ischemic stroke. (60)

C57BL/6J 30 min
TA

Tregs FACS Tregs cell count rises from day 7 to day 30, and is significantly higher than day 7. (59)
Tregs are located in the peri-infarct area, infarct area, had trespassed brain vessels on day 14.

C57BL/6J 60 min
TA

Treg F Tregs can be observed on day 3 and 5 after ischemic stroke. Numbers significantly increase on day 7 and
escalate until at least day 35.

(61)

C57BL/6 60 min
TA

gdT cells F gdT cell count increases from day 1 to day 6 after ischemic stroke and peaks on day 3. (53)
gdT cells are located in infarct boundary zones.

C57BL/6J 60 min
TA

CD4- CD8- T
cells

F CD4- CD8- T cell count increases from day 1 to day 3 after ischemic stroke. (60)
July 2021 | Volume 12 | Article 707
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infiltrating the brain on day 14 have a much less diverse TCR
repertoire compared with splenetic Tregs, and the most
abundant TCR of brain-infiltrated Tregs accounts for > 5% of
the entire TCR repertoire (37). Taken together, these findings
suggest that in the later stages of ischemic stroke, there is a
gradual development of antigen-dependent T cell responses.

The development of a classic antigen-dependent T cell
response includes two steps: priming and reactivation. T cell
priming refers to the activation of naïve T cells to proliferate and
produce effector cells during their initial encounter with their
specific antigens. To fully execute their function, T cells migrate
to the site of their specific antigen and are reactivated by antigens
on target cells or local APCs. Canonically, T cell priming occurs
in the peripheral lymph nodes (Figure 2A), which is also feasible
in ischemic stroke given that impaired barrier function allows
leakage of soluble antigens from the BBB to blood or from
interstitial extracellular fluid to perivascular spaces around
arterioles then to the CSF, and subsequently reach the draining
lymph nodes where they are processed by resident DCs
(Figure 2B) (74, 75). Notably, infiltrated DCs and microglia in
the brain are also capable of antigen presentation and subsequent
migration to the cervical lymph nodes (Figure 2B) (76). Indeed,
there is an increase in neural and myelin antigens, including
MAP-2, MBP, and MOG, in macrophages, as well as migrated
DCs, in the cervical lymph nodes of patients with stroke (77).
However, recent findings have challenged the idea of T cell
priming solely occurring in peripheral lymph nodes. Clonal
expansion of T cells can be detected in the brain on day 7 after
stroke and is delayed until day 14 in the spleen and lymph nodes
(37, 57, 78). This temporal lead of T cell priming in the brain
suggests that in the early phase of ischemic stroke, naïve T cells
Frontiers in Immunology | www.frontiersin.org 6
migrate to and are primed in the brain by local microglia or
infiltrated DC cells (Figure 2C). Taken together, these findings
suggest that early T cell priming primarily occurs in the brain
and peripheral activation occurs at later time points.

Dural sinuses have recently been identified as a neuroimmune
interface. The dural sinuses are venous channels found between
the endosteal and meningeal layers of the dura mater. Dural
sinuses harbor populations of resident APCs and patrolling T
cells, enabling it for initiating a T cell response. In a mouse model
of EAE, soluble antigens in the CSF efflux to the peri-sinusal
dura, are captured by dural APCs, and presented to patrolling T
cells (79). This route remains to be researched in the context of
ischemic stroke.

Antigen-specific T responses could be both deleterious and
beneficial. Interestingly, in human patients, increased reactivity
to neural antigens is associated with smaller infarctions and
better outcomes, while reactivity to myelin antigens is correlated
with worse outcomes (77). The nature of an antigen-specific
response is highly relevant to the local environment, with
DC cells being crucially involved in pivoting this process.
Mature DCs induce immunity while immature DCs induce
tolerance through anergy induction or conversion of naïve T
cells to Tregs (80). Induction of immunotolerance by repetitive
low-dose feeding of stroke-related antigen prior to stroke
induction improves stroke outcome. Oral tolerance to myeline
basic protein decreases the infarct size at both 24h and 96h after
MCAO (81), witch triggers Treg formation and secretion of anti-
inflammatory cytokines IL-10 and TGF-b (82). Mucosal
tolerance to E-selectin, an adhesion molecule expressed by
endothelial cells under inflammatory conditions, is protective
in ischemic stroke, which reduces the number of infiltrated
TABLE 3 | Antigen-dependent and antigen-independent responses of T cells in ischemic stroke.

Subset Mechanism Target cell Effect Time Ref

Antigen-dependent responses of T cells

CD8+ T cells Direct cytotoxicity by Granzyme B,
perforin

Neuron Neuronal apoptosis; increased infarct volume 7,14 days (30,
66)

Treg Secretion of amphiregulin Astrocyte Inhibition of astrogliosis 14,30 days (37)

Antigen-independent responses of T cells

CD3+ T cells Secretion of IFNg Macrophage
Th1 cell

Facilitating TNFa secretion from macrophage, urging infiltration of
Th1 cells

3 days (50,
67)

CD4+ T cells Secretion of IL-21 Neuron Neuron autophagy, increased infarct volume? 24 hours (68,
69)

gd T cells Secretion of IL-17 Neutrophil
T cell

Facilitating neutrophil and T cell infiltration; increased infarct volume 3 days (53)

CD3+ CD4-CD8- T
cells

Secretion of TNFa Microglia Promoting microglia phenotype change to the inflammatory type 1 to 3 days (60)

Treg Interaction with platelets – Microvascular dysfunction, micro-thrombosis 24 hours (33)
CD3+ T cell Binding with CD84 from T cells and

platelets
Platelet Facilitating T cell infiltration; increased infarct volume 24 hours (70)

Treg Secretion of IL-10 Microglia Inhibition of IFNg and TNFa secretion from microglia; decreased
infarct volume

24 hours (18)

Treg Secretion of IL-10 Neuro stem
cell

Boosting neuro stem cell proliferation 4 days (71)

Treg Interact with PD-1 on neutrophils Neutrophil Inhibiting production of MMP-9; protecting BBB integrity 3 days (72)
Treg Secretion of osteopontin Microglia Phenotypic change to reparative microglia, boosting

oligodendrocyte differentiation
21 days (61)
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Tcells and the infarction size (83). Therefore, manipulating
antigen-specific responses could be a potential therapeutic target.
MECHANISM OF T CELL-MEDIATED
EFFECTS

Detrimental Effects of T Cells
In the challenge of ischemic stroke injury, Rag1-/- mice develop
significantly smaller infarcts after MCAO (16, 17). Neither B cell
deficiency nor its reconstitution in Rag1-/- mice affects the
infarct volume, while adoptive transfer of T cells to Rag-/-
mice significantly increased infarct volume. These findings
confirm the dominant role of T cells in the deleterious effects
of lymphocytes after ischemic stroke (17, 84). These T cell effects
Frontiers in Immunology | www.frontiersin.org 7
can be observed as early as 24 h after ischemic stroke, and T cells
in the brain remain activated for at least 30 days (56). Depletion
of either CD4+ or CD8+ T cell subsets reduced infarct volume at
24 hours after ischemic stroke (30, 53); moreover, depletion of gd
T cells decreased the infarct volume on day 4. Collectively, these
findings are indicative of the detrimental role of these T cell
subsets. The mechanisms of T cell-mediated effects are presented
in Figure 3.

Production of Inflammatory Cytokines
IFN-g
T cells are strongly associated with the activation and cytokine
secretion by macrophages through IFN-g production. Rag-/-
mice showed reduced levels of TNF-a produced by
macrophages (Figure 3F); additionally, the reconstitution of T
cells from Ifng-/-mice could not render the TNF-a level to that in
A B C

FIGURE 2 | Antigen presentation in ischemic stroke and T cell-related therapeutic targets. After ischemic stroke, soluble antigens are leaked to the blood or CSF
and reach draining lymph nodes; alternatively, they are presented by infiltrated dendritic cells and migrate with these cells (B). In peripheral lymph nodes, antigens
are presented by antigen-presenting cells and are recognized by naïve T cells, which triggers their proliferation and production of effector T cells and Tregs, a
process termed “T cell priming” (A). Moreover, T cell priming also occurs in the parenchyma, where infiltrated naïve T cells encounter antigens presented by microglia
and dendritic cells. Subsequently, primed T cells migrate to the parenchyma where they reencounter their specific antigen and exert their function in an antigen-
dependent way (C). T-cell-targeted therapies include natalizumab, which blocks T cell adhesion to endothelial cells by blocking the adhesion molecule VLA-4.
Fingolimod blocks T cell egression from lymph nodes, and therefore induces lymphopenia. Recombinant T cell ligands (RTL) block effector T cell functions, while
Treg-targeted therapies boost Treg function.
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mouse reconstituted with wildtype T cells, indicating that IFN-g
produced by T cells facilitates TNF-a production by infiltrated
macrophages (50). Furthermore, IFN-g acts on T cells
themselves. It induces the production of interferon-gamma-
inducible protein (IP-10), also known as CXCL10, whose
ligand CXCR3 is selectively expressed on Th1, but not Th2,
cells, and therefore selectively urges Th1 cell infiltration (67).
Blocking IFN-g with an antibody or its genetic deletion decreased
number of infiltrated T lymphocytes and decreased infarction
volume (17, 85).
Frontiers in Immunology | www.frontiersin.org 8
IL-21
The level of IL-21 in the brain is increased after ischemic stroke
with infiltrated CD4+ T cells being its major source (68). IL-21
interacts with the IL-21 receptor on neurons and induces
autophagy in vitro (Figure 3C) (68). Rag-/- mice receiving
CD4+ T cells from Il-21-/- mice developed significantly smaller
infarct volumes compared with those receiving wildtype CD4+ T
cells at 24 h after MCAO (68). Regardless, contradictory results
are found as mice deficient in IL-21 receptor developed larger
infarct volumes and exacerbated neuron loss through apoptosis
FIGURE 3 | T-cell mediated effects in the ischemic stroke brain. (A) In the first 24 hours after ischemic stroke, Tregs interact with platelets in the vasculature, which
induces thrombosis and microvasculature dysfunction. Moreover, Tregs secrete IL-10 to decrease microglial secretion of IFN-g and TNF-a in the absence of their
infiltration to the parenchyma. Additionally, T cells bind with CD84 shed from platelets and promote their own infiltration. (B–F) From day 1 to 7 after ischemic stroke,
T cells secrete various types of cytokines, including IL-17 (B), IL-21 (C), IL-10 (D), TNF-a (E), IFN-g (F). Moreover, Tregs decrease MMP9 production by neutrophils
through PD-L1 and PD-1 interaction (D). (G–I) From post-stroke day 7 to 30, CTLs induce neuronal apoptosis by perforin and granzyme B secretion in an antigen-
dependent way (G). In addition, Tregs secrete osteopontin to induce a reparative microglia phenotype and therefore promote oligodendrogenesis (H), and secrete
amphiregulin to inhibit deleterious astrogliosis (I).
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(69). In human patients, IL-21 colocalizes with CD4 in
postmortem brain tissues, indicative of its potential for clinical
translation (68).

IL-17
IL-17 producing gdT cells, but not Th17 cells are the major
source of IL-17 in the acute phase of ischemic stroke (53). gdT
cells are a subset of unconventional T cells whose TCRs comprise
the Vg and Vd chains. Compared with conventional ab T cells,
gdT cells do not recognize MHC-associated peptide antigens and
are not MHC restricted. The secretion of IL-17 by gdT cells is not
evident until day 3 after ischemic stroke, in line with the fact that
the depletion of gdT cells only showed protective effects after day
3 (53). The secretion of IL-17 from gdT cells is dependent on IL-
23, the major source of which is infiltrated DCs (86). IL-17
production is significantly reduced in Il-23-/- mice (53), and IL-
23 p19 knockdown suppressed IL-17 mRNA and protein
levels (87).

IL-17 acts on various cell types in the CNS, including
astrocytes, neurons, and microglia. IL-17, in synergy with
macrophage-produced TNF-a, mediates the secretion of CXCL-
1, a neutrophil chemoattractant, by astrocytes (Figure 3B) (50).
Administration of an IL-17 blocking antibody 3 hours after stroke
significantly reduced neutrophil infiltration, infarct volume, and
improved neurological outcome 3 days after MCAO (50). IL-17
also stimulates the IL-6 signaling pathway in astrocytes and acts
in synergy with IL-6 to increase CCL20 levels in astrocytes, which
facilitates T cell migration in vitro (88). Moreover, IL-17 directly
acts on neurons in a dose-dependent manner to impair neural
viability in vitro through its interaction with IL-17R (89).
Additionally, IL-17 promotes the expression of IL-6,
macrophage inflammatory protein-2, nitric oxide, adhesion
molecules, and neurotrophic factors by microglia in vitro (90).

TNF-a
Although macrophages are the major TNF-a source after
ischemic stroke, CD3+CD4-CD8- T cells also secrete TNF-a
on day 1 to day 3 and is located around the Iba1+ microglia (60).
TNF-a acts on microglia to promote a proinflammatory
phenotype change, and therefore exacerbates post-stroke
inflammation (Figure 3E) (60).

Thrombo-Inflammation
The term “thrombo-inflammation” refers to the exacerbated
infarct development after ischemic stroke mediated by T
lymphocyte-platelet interactions (91). This effect is already
evident in the hyperacute phase of ischemic stroke and is a
major factor in the tissue loss observed in the penumbra (92).
Blocking platelet glycoprotein receptor Ib (GPIb), an adhesion
receptor crucial for platelet binding to the endothelium during
thrombosis, can specially reduce infarction volume in the border
of the penumbra immediately after 2 hours of MCAO (92). This
protective effect of platelet blockage can be observed even 24
hours after reperfusion (93, 94).

Thrombo-inflammation is a combined result of both
microvascular dysfunction and exacerbated inflammation
(Figure 3A). Adoptive transfer of Tregs to Rag-/- mice
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resulted in an increased infarct size dependent on the presence
of platelets (33). The presence of both Tregs and platelets
reduced cerebral blood flow and increased brain fibrin levels
compared with platelet-depleted mice while the Treg
immunological function remains unchanged, indicative of
platelet-Treg-associated microvascular dysfunction and
thrombosis (33). Evidence for microvascular dysfunction
induced by other subsets of T cells remain to be found.
Moreover, platelets facilitate T cell infiltration into the brain
parenchyma. Blocking either GPIb or its ligand VWF A1 domain
with an antibody, or their genetic deletion, significantly reduced
the number of infiltrated T cells and infarct volume (92–94).
Another platelet-born pro-infiltration factor is CD84, a soluble
homophilic immunoreceptor that is shed from platelets after
ischemic stroke (70). It binds to CD84 on T cells and enhances
CD4+ lymphocyte migration in vitro (70). Mice deficient in
platelet or T cell CD84 developed smaller infarct volumes and
had fewer infiltrated T cells (70). Notably, higher CD84 levels on
platelets were associated with worsened clinical outcomes in
human patients (70).

Taken together, these findings suggest that T cell and platelet
interactions exacerbate ischemic injury through thrombo-
inflammation. However, there remains insufficient evidence
regarding the direct binding of T lymphocytes and platelets
and future studies are needed.

Direct Cytotoxicity
CD8+ T cells, also known as CTLs, are crucially involved in the
adaptive immune response. These cells exert a cytotoxic function
by antigen-recognition from the TCR and the subsequent release
of granzymes and perforin, forming pores on target cells and
inducing apoptosis (95, 96). The deleterious effects of CD8+ T
cells predominantly occurs in the chronic phase due to its
adaptive nature. Higher numbers of ipsilateral CD8+ cells on
day 30 after MCAO is correlated with worse functional outcomes
in mice (97). Delayed depletion of CTLs with a CD8 antibody
from day 10 after ischemic stroke improved functional recovery
in mice (97).

CTL depletion in mice significantly reduced infarct volume
and improved neurological functions at days 7 and 14 after
ischemic stroke and CTL reconstitution to Rag-/- mice increased
infarct volume (73). The direct cytotoxic effects of CTLs are
dependent on their release of granzyme B and perforin. The
protein level of Granzyme B is elevated in post-stroke human
samples (66). Immunofluorescence studies reported granzyme B
co-localization with CD8+ T cells and terminal deoxyuridine
nick-end labeling-positive neurons, indicative of granzyme B-
mediated neuronal apoptosis (66, 98). Moreover, perforin is
released by CTLs to induce neuronal damage. CTL
reconstitution from Prf-/- mice to Rag-/- mice exerted
protective effects compared with reconstitution of CTLs from
wildtype mice, indicative of a perforin-dependent cytotoxic effect
(73). The combined use of a VLA-4 antibody, which blocks T cell
infiltration into the brain parenchyma, with Prf-/- CTL
reconstitution did not have an additive effect, suggesting that
the perforin-dependent killing effect is dependent on the
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presence of T cells in the parenchyma rather than collateral
effects on the luminal side (30). Reconstitution of CTLs
genetically edited to have a TCR exclusively reactive to chicken
ovalbumin did not alter stroke outcome, which suggests an
antigen-dependent manner of CTL cytotoxicity (30). Taken
together, these findings indicate that infiltrated CTL cause
worsened post-stroke outcomes through an antigen-specific
and contact-dependent pathway (Figure 3G).

Protective Effects of T Cells
Regulatory T cells (Tregs) are a subset of T cells that comprise
5%–10% of the peripheral CD4+ T cell population and are
characterized by their transcription factor FOXP3 (99). Tregs
are crucial for maintaining immune homeostasis and inducing
immune tolerance; moreover, their dysregulation has been
implicated in various autoimmune diseases and chronic
inflammation (100). Expectedly, the protective effects of T cells
after ischemic stroke are mainly exerted by Treg cells given that
Treg depletion resulted in the expansion of lesion volume on day
3 to 7, unregimented neutrophil infiltration, and T cell
activation (18).

Immunomodulation
The early protective effects of Tregs are independent of their
infiltration into the parenchyma, but are rather results of
immunomodulation in the circulation. Treg depletion in a
mouse model of ischemic stroke showed deleterious effects as
early as day 1 after stroke (18), while Treg infiltration was not
evident until day 5 (101). This protective effect of Tregs is mainly
attributed to its immunomodulatory function through IL-10
secretion (102). Tregs regimented the production of IFN-g and
TNF-a by microglia and other T cells (Figure 3A); further, IL-10
substitution in Treg-depleted mice could replicate this protective
effect (18). IL-10 supplementation to the brain decreased infarct
volume and downregulated the expression of inflammatory
genes such as IL-1b (103). In human patients, a lower serum
level of IL-10 is associated with neurological functional
deterioration within the first 3 days after stroke (104).

Tregs also exert their immunomodulatory effects through
cytokine-independent pathways (Figure 3D). PD-L1 on Tregs
interact with PD-1 on neutrophils to inhibit their MMP-9
production, and therefore protects BBB function (72). This
protective effect was lost in mice transferred with Tregs
pretreated with PD-L1 antibody or PD-L1 deficient Tregs (72).
Tregs also downregulate costimulatory molecules CD80 and
CD86 on DCs by binding with cytotoxic T lymphocyte-
associated antigen-4, as well as by inducing an immunoreceptor
tyrosine-based activation motif-mediated inhibitory signaling
pathway through the interaction of lymphocyte activation
gene 3 with major histocompatibility complex (MHC) class II
molecules. However, these pathways have not been studied in the
field of ischemic stroke (100).

Neuro-Repair
Treg depletion starting 7 days after ischemic stroke did not alter
infarct volume and neuronal tissue loss in the later stages.
However, Treg depletion significantly worsened the
Frontiers in Immunology | www.frontiersin.org 10
neurological outcomes, suggesting an important role for Tregs
in neuro-repair in the chronic phase of stroke (37, 61). Treg
facilitate neuro-repair by inhibiting excessive astrogliosis,
promoting oligodendrogenesis and promoting neuro stem cell
proliferation. In the pathophysiological condition of ischemic
stroke, reactive astrocytes lose their normal neuro-trophic
function and become hyperplastic and hypertrophic, resulting
in astrogliosis and the formation of glia scars, which hinder
neuro-repair (105). On day 14 and 30 after stroke, Tregs are
located close to GFAP+ astrocytes (59). The depletion of Tregs
increases the number of reactive astrocytes and enhances the
expression of neurotoxic genes (37). Mechanically, Tregs express
high levels of amphiregulin, an epidermal growth factor receptor
ligand that downregulates the STAT3 pathway in astrocytes, to
inhibit astrogliosis (Figure 3I) (37). This effect is very likely to be
antigen-dependent given that infiltrated Tregs have very similar
TCRs (37).

Tregs also facilitate white matter injury repair by promoting
oligodendrogenesis. On day 35 after ischemic stroke, T cells
accumulate in the white matter areas enriched in myelin basic
protein. Depletion of Tregs causes a decrease in re-myelination,
thinner myelin sheaths, reduced nerve fiber conduction from
myelinated axons in the corpus callosum, and reduced numbers
of newly-generated oligodendrocytes (61). The secretion of
osteopontin by Tregs mediates a tissue-reparative microglial
phenotype change, therefore boosting oligodendrocyte
precursor cell differentiation and promoting white matter
repair (Figure 3H) (61).

Tregs also contribute to neuro-repair by interacting with
neural stem cells. Injection of activated Tregs, characterized by
CD44 and CD62L upregulation, into the ventricle promoted
neural stem cell proliferation in the subventricular zone on day
4. This effect was no longer present when Tregs were injected
together with an anti-IL-10 antibody (71). Additionally, in vitro
experiments confirmed that IL-10, but not TGF-b, is the main
effector in the proliferation of neural stem cells (Figure 3D) (71).
Newborn neural stem cells can migrate into the infarct area (106)
and form synapses with pre-existing neurons (107), and therefore
could potentially promote neurological functional recovery.
T CELL-TARGETED THERAPIES

Blockage of T Cell Infiltration
Fingolimod
Fingolimod was approved by the FDA for the treatment of
relapse-remitting multiple sclerosis (MS) in 2010. Its major
mechanism involves acting as a selective sphingosine-1-
phosphate 1 antagonist and mediating irreversible receptor
internalization in lymphocytes, which is crucial in lymphocyte
homing and trafficking (Figure 2) (108, 109). Consequently, T
cells are sequestered in lymph nodes and peripheral
lymphopenia is induced (110, 111). Fingolimod also acts as an
unselective agonist on S1P2, S1P3, S1P4, and S1P5 receptors,
which are expressed on microglia, astrocytes, oligodendrocytes,
and neurons (108). Fingolimod downregulates ICAM expression
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on endothelial cells, and therefore reduces leukocyte adhesion to
vessel walls (112). Other CNS effects of fingolimod, including
reduced neuronal apoptosis (112–115), protection of BBB
integrity (110, 115), and local cytokine levels (114) are
controversially reported.

Fingolimod administration immediately after reperfusion
decreased infarct volume at day 1 and day 3 in murine model
of transient stroke (113, 115–117). Repeated fingolimod
administration in the first three days after stroke showed a
protective effect lasting for up to 15 days (112). Additionally,
fingolimod reduced infarct volume and improved neurological
scores in the pMCAO model with delayed administration at 4
post-stroke hours (112), as well as decreased hemorrhage
transformation related to delayed rtPA usage (117). The
beneficial effects were associated with lymphopenia that
sustained for at least 7 days in both peripheral circulation and
the brain vasculature, as well as reduced T cell infiltration into
the brain parenchyma. These beneficial effects were absent in
Rag-/- mice (114, 115). However, one study found that
fingolimod lacked protective effects on a permanent occlusion
mouse model (114).

Two clinical trials have tested the effects of fingolimod on
ischemic stroke. In an open-label, evaluator-blinded, parallel-
group pilot trial (NCT02002390) that recruited 22 patients, oral
administration of (0.5 mg) per day during the first 3 days after
ischemic stroke onset in patients who could not receive alteplase
treatment was well-tolerated. Moreover, it induced lymphopenia
that lasted for at least 7 days, caused restricted infarct volume
expansion on day 7 after stroke, and improved the 3-month
neurological functions compared with the standard treatment
group (118). The combined use of alteplase and fingolimod also
showed protective results in both the standard (4.5 h) and
delayed (4.5–6 h) time windows compared with alteplase alone,
including halted lesion volume growth, decreased hemorrhage
transformation, and improved 90-day neurological outcomes in
a clinical trial that recruited 47 patients (119, 120). Detailed
information on these clinical trials is listed in Table 4.

Natalizumab
Natalizumab is a humanized monoclonal antibody that binds to
the a4 subunit (CD49d) of the adhesion molecule a4b1 integrin
(VLA-4) on lymphocytes and neutrophils. Natalizumab blocks
the integrin interaction between these cells and endothelial cells,
and thus prevents lymphocyte and neutrophil infiltration into
the brain parenchyma (Figure 2). Natalizumab was approved by
the FDA for treating relapse-remitting MS in 2004.

In rodent stroke models, reduced infiltration of lymphocytes
and neutrophils is commonly observed in the natalizumab-
treated group (30–32, 123). However, reduced infarct volume
and improved behavioral outcomes are largely seen in pMCAO,
but not transient stroke models (30). A preclinical randomized
controlled multicenter trial confirmed that natalizumab only
significantly reduced infarct volume after pMCAO while
similar effects could not be seen in temporary MCAO models
(123). This model-dependent effect was attributed to the
magnified inflammatory response in non-reperfusion infarcts
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(123, 124). Contrastingly, Langhauser et al. reported that
intraperitoneal administration of 300 mg natalizumab did not
have any protective effect in both transient and pMCAO mouse
models at day 1 and day 7 (31).

Despite the discrepancies in preclinical results, a phase II
clinical trial, ACTION (NCT01955707), was initiated in 2013.
This trial included 161 patients who received 300 mg of
intravenous natalizumab or placebo within 9 h after stroke
onset. Natalizumab treatment was negative for the primary
endpoint of changes in infarct volume from day 1 to day 5;
however, it improved functional outcomes as assessed by the
modified Rankin Scale score (mRS) (121). To further investigate
this issue, a secondary phase II clinical trial, ACTION2
(NCT02730455) was conducted. This trial enrolled 277
patients and tested the efficacy of two natalizumab doses (300
mg and 600 mg) in two different time windows (≤ 9 h or ≥ 9 h to
≤ 24 h from stroke onset). Natalizumab lacked protective effects,
as measured by the mRS or Barthel Index scores, at 90 days in
both doses and time windows (122). Detailed information on
these clinical trials is listed in Table 4. This lack of long-term
beneficial effects of natalizumab in clinical patients was resulted
from the its transient-only lymphocyte-blocking effects and
intracerebral proliferation of T cells in the delayed phase in the
brain (62).

Although both fingolimod and natalizumab target T cells,
their distinct results in clinical trials could further elucidate
stroke pathology. First, fingolimod induces lymphopenia,
which reduces lymphocyte flow to the brain vessels, while
natalizumab targets adhesion molecules, which reduces T cell
infiltration. This could be indicative that early detrimental effects
of T cells are not dependent on their infiltration into the brain
parenchyma. This “collateral damage” effect could be attributed
to the secretion of soluble cytokines, as well as magnified
inflammation by recruiting other immune compartments. In
addition, natalizumab blocks leukocyte interaction with a4b1
integrin, whose ligand, VCAM is abundantly expressed on
endothelial cells of the BBB but only on the apical side of the
epithelial cells of the choroid plexus (46). The route of T cell
infiltration is disease-dependent and 2/3 of all infiltrated T cells
in stroke originate from the stroma of the choroid plexus,
bypassing the brain-CSF barrier, while this route is not
preferentially used in EAE models (35, 125). This could
partially explain the failure of natalizumab in clinical stroke
since it might have missed the major infiltration route. Thirdly,
in clinical trials, both fingolimod and natalizumab treatments are
given in the first 3 days of ischemic stroke. Although there is a
lack of data on ischemic stroke, data from patients with multiple
sclerosis indicate that oral administration of fingolimod typically
induces a sustained lymphopenia that persists even after the
discontinuation of treatment (126, 127). Natalizumab, however,
only has transient effects (5 days) on blocking T cell infiltration
after a single dose (62). Thus, the design used in recent clinical
trials of natalizumab may have resulted in insufficient blockage of
the T cell response in the brain in the chronic phase of disease. In
conclusion, although post-stroke neuroinflammation and MS
share mechanisms in T cell-mediated damage, their
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TABLE 4 | Clinical Trials of T cell targeted therapies.

Outcome Safety Study design

Lesion volume Alteplase associated
adverse events

Confined
enlargement of
lesion volume from
baseline to day 7

Not applicable No significant
difference in mortality,
adverse events and
infection

Open-label,
evaluator-
blinded, parallel-
group, single
center, clinical
pilot trial

Restrained infarct
expansion on day 1
and from day 1 to
day 7

Smaller hemorrhage
volume on day 1

No significant
difference in death,
adverse events, lung
infection and urinary
tract infection

Randomized,
open-label,
evaluator-blind,
multicenter pilot
trial

Restricted infarct
expansion in
baseline to 24h and
24h to 7 days

Higher percentage of
asymptomatic
intracranial hemorrhage,
no significant difference
in systematic intracranial
hemorrhage

No significant
difference in death
and lung infection

Prospective,
multicenter,
randomized,
open label,
blinded endpoint
clinical trial

No significant
difference in infarct
volume change on
baseline to 24h,
24h to day 5, day 5
to day 30

Not applicable Similar rates of
adverse events,
severe adverse events
and death

Multicenter,
double-blind,
placebo-
controlled,
randomized

Not applicable Not applicable Similar rates of
adverse effects and
death in 300mg
natalizumab group,
600mg natalizumab
and placebo group.

Multicenter,
double-blind,
dose-ranging,
placebo-
controlled,
randomized
phase 2 study
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Study Patients Intervention Control

Neurological function

Fingolimod
Fu et al. (118) 22 stroke patients, anterior

cerebral circulation occlusions,
exceeded the 4.5h time
window after stroke onset

11 patients,
fingolimod plus
standard
management,
0.5mg/day, 3
consecutive days

11 patients,
standard
management

Greater reduction of NIHSS
score from day 1 to day 7
Higher mBI score at 90 days
Higher percentage of mRS 0-1
at 90 days

Zhu et al. (119) 47 stroke patients with anterior
or middle cerebral arterial
occlusion, received alteplase
treatment within the 4.5h time
window

22 patients, oral
fingolimod 0.5mg/
day, 3 consecutive
days, plus
alteplase treatment

25 patients,
alteplase
treatment

Greater reduction of NIHSS
score on day 1 and from day 1
to day 7
Higher percentage of mRS 0-1
at 90 days

Natalizumab
Tian et al. (120) 46 stroke patients with internal

carotid artery or middle
cerebral artery proximal
occlusion, within 4.5 to 6 hours
from stroke onset

23 patients, oral
fingolimod 0.5mg/
day, 3 consecutive
days, plus
alteplase treatment

23 patients,
alteplase
treatment

Higher decreased NIHSS score
on day 1
Higher percentage of mRS 0-1
at 90 days

Elkins et al. (121) 159 patients with acute
ischemic stroke from age 18 to
85, last known normal at 6
hours or less, or 6-9h before
treatment initiation, with or
without alteplase

77 patients, single
dose of 300mg
intravenous
natalizumab
treatment

82 patients,
300mg
intravenous
placebo
treatment

Significant improvement
evaluated by mRS score on day
30 and BI score on day 90,
changes are not significant
evaluated by NIHSS score on
day 30 or day 90.

Elkind et al. (122) 267 supratentorial acute
ischemic stroke patients, last
known normal ≤9 h or >9 to
≤24 hours prior to study
treatment initiation

88 patients, single
dose of 300mg
natalizumab, 89
patients, single
dose of 600mg
natalizumab

90 patients,
placebo

No significant different in mRS
and BI composite excellent
outcome in 300 + 600mg
natalizumab vs. placebo group,
or in subgroups vs placebo.
No significant difference in
global composite excellent
outcome by treatment window,
tPA use or thrombectomy.

mRS, modified Rankin Score; NIHSS, National Institutes of Health Stroke Score; mBI, modified Barthel Index.
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pathophysiology is fundamentally different. Future re-direction
of MS treatment to ischemic stroke should take such issues
into consideration.

Treg-Targeted Therapies
Tregs exert protective roles against post-stroke inflammation. A
reduction in the ratio of Tregs in the whole T cell population and
Treg-secreted cytokines IL-10 and TGF-b has been reported in
mice and patients (128–130). Therefore, Treg supplementation
could be a potential stroke treatment (Figure 2).

In mouse models of stroke, the adoptive transfer of Tregs
early after stroke induction led to reduced infarct volume and
improved neurological function (101). Transferred T cells
quickly distribute to the spleen, lymph nodes, bone marrow,
liver, and blood after 24 h; however, they are not observed in the
brain until 5 days after transplantation (101). This indicates that
the early protective effect of transferred Tregs is not dependent
on their infiltration into the parenchyma; rather, it involves
inhibiting MMP production from circulating neutrophils, and
therefore maintains BBB integrity (131). Consequently, there is
significantly reduced infiltration of neutrophils, macrophages,
and effector T cells, while no increase in the brain IL-10 levels is
observed (131). The combined use of Treg transplantation and t-
PA significantly reduced hemorrhage transformation and BBB
dysfunction induced by delayed t-PA administration. This effect
was attributed to the downregulation of CCL2 in endothelial cells
(130). Tregs also act on the periphery immune system to restore
immune homeostasis. After adoptive transfer of Tregs, there are
reduced levels of the pro-inflammatory cytokines IL-6 and TNF-
a in the blood. Notably, transferred Tregs did not mediate post-
stroke immunosuppression; rather, they decreased blood
bacterial loads (131).

Given the difficulty of translating the adoptive transfer of
Tregs to human patients, other treatments that could stimulate
Treg proliferation have been developed. Intraperitoneal injection
of a CD28 superagonistic antibody in mice increases the Treg
number in the peripheral blood and spleen; however, its effects
on infarct size and neurological outcomes remain controversial
(132, 133). Schuhmann et al. reported that the administration of
this superagonist 3 days before transient stroke induction in mice
significantly worsened stroke outcomes at day 1 after stroke, and
this effect is independent of the presence of Tregs in the
parenchyma (133). Instead, Tregs are mainly located in the
vasculature. Therefore, these Tregs increase thrombus
formation in the cerebral microvasculature (133). Another
study employed both transient and permanent occlusion
models of ischemic stroke and injected the superagonist 3
hours after stroke induction (132). This treatment increased
Treg infiltration in the brain on 7 days after stroke and
reduced macrophage activation. Furthermore, infarct volume
and neurological function measured on day 7 revealed a
protective effect (132). These discrepancies in the effects of
CD28 superagonist treatment could be attributed to that
prophylactic superagonist administration induces significantly
higher numbers of Tregs in the circulation at stroke onset and
more dominantly promoted thrombo-inflammation.
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In addition, pre- or post-treatment of an IL-2/IL-2-antibody
complex succeeded in reducing the infarct volume and
improving neurological functions on 3 days after ischemic
stroke in a Treg-dependent manner (134). Repetitive
administration of this complex in the first 30 days after
ischemic stroke also increased Treg counts in the periphery
and the brain, and improved long-term sensorimotor functions
(61). This complex boosts Treg proliferation and function
through CD39/CD73 signaling, while other leukocyte groups
remain largely undisturbed (134).

Bone marrow-derived stem cell (BMSC) transplantation is
effective in protecting post-stroke neurological function through
immunomodulation (135). Tregs are present in BMSCs;
moreover, only a native proportion of Tregs within the BMSC
achieved maximum neuroprotection compared with a larger or
smaller proportion (136). In vitro studies revealed that Tregs
within BMSCs increase myelin production by oligodendrocyte
precursor cells, which allowed them to treat post-stroke white
matter injury (137). Future studies should determine whether
Tregs are the main effector cells within BMSCs and whether they
interact with other cell populations in BMSCs.

Targeting Antigen-Specific T Cell
Response
Since adaptive immunity could play deleterious roles in post-
stroke inflammation, treatment methods targeting autoreactive T
cells have been developed. Recombinant T cell ligands (RTLs) are
partial MHC class II molecule constructs comprised of the
minimal TCR interface, that is the a1 and b1 domains
covalently linked to specific antigen peptides (138, 139). These
RTLs act as partial TCR agonists in an antigen- and species-
specific manner, which inhibits T cell activation and boosts IL-10
secretion (Figure 2) (138, 140, 141). RTL551, which contains the
a1 and b1 domains of the I-A(b) class II molecule covalently
linked to the encephalitogenic MOG-35-55 peptide, reversed
symptoms in experimental autoimmune encephalomyelitis mice
and reduced IL-17 and TNF-a secretion from MOG-33-35
reactive CD4+ T cells (142, 143). Given that antigen-specific
immunity occurs in ischemic stroke, RTL551 was initially tested
in a mouse model and was found to be protective when
administered at stroke onset (144) and 4 h after stroke (145,
146). This protective effect, represented by reduced infarct size at
96 h and reduced inflammatory cell infiltration, is antigen- and
MHC-dependent given that it is abolished in mice treated with
RTL linked to non-neural antigens or mismatched MHCs (144).
The efficacy of delayed administration revealed its potential for
clinical use in patients with ischemic stroke. To test its potential
efficacy in human patients, a humanized recombinant T cell
receptor (RTL1000), which bears human MOG-35-55, was
administered to transgenic mice bearing human HLA-DR2 in a
clinically relevant delayed administration time of 4 hours after
stroke. RTL1000 administration decreased the infarct volume at
96 hours and reduced sensorimotor impairment 3 days after
MCAO in both young and aged, male and female mouse models.
Further, it exerted additive protective effects with the combined
use of rt-PA (113–116). Notably, the protective effect of RTLs can
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be observed as early as 96 h after MCAO, when adaptive
immunity against self-antigens is yet to be fully developed.
This could be partially attributed to the fact that although
RTLs are antigen-specific, their induction of IL-10 secretion
exerts bystander immunomodulation effects. A clinical trial on
the safety of RTL in MS (NCT00411723) was initiated in 2006;
however, the results remain unknown. Other RTLs targeting
other neural antigens and further clinical studies on the safety
and efficacy of RTLs in ischemic stroke are needed.
CONCLUSIONS

T cells are crucially involved in post-stroke inflammation. T cells
adopt three different routes to infiltrate the brain parenchyma;
moreover, various combinations of chemokines and their
receptors on T cell subsets give spatial and temporal “address”
for T cell infiltration. Early deleterious T cell responses are
antigen-independent and are largely attributed to the secretion
of inflammatory cytokines and their interaction with other cells
to amplify the inflammation cascade. Subsequent T cell
responses are antigen-dependent and manipulation of such a
response could lead to immune tolerance. Tregs, which is an
immunomodulatory T cell subset, allows restricted inflammation
and facilitates recovery.

Treatments targeting T-cell infiltration have been developed
and tested in clinical trials with mixed results. For the objective of
blocking T cell infiltration, most treatments are repurposed from
currently approved drugs for MS. However, the complex results
from clinical trials of these treatments reveal the fundamental
differences in T cell responses between these two diseases,
especially in the antigen-independent phase. Future studies
should consider long-term T cell responses when deciding on
the dosage, timing and duration of drug administration.
However, this remains a promising therapeutic direction as
decreasing the number of circulating lymphocytes could be a
Frontiers in Immunology | www.frontiersin.org 14
common target, as demonstrated by the effects of fingolimod
treatment. The effects of other T-cell targeted treatments for MS,
such as dimethyl fumarate and teriflunomide remain to be
explored. Boosting the Treg response has been shown to be
effective in animal models. Antibody-mediated Treg
proliferation could be a translational target, but this is yet to
be tested in clinical trials. Indeed, these therapies may be limited
due to the potency of Tregs to induce thrombo-inflammation in
the hyperacute phase, as well as immune suppression in the
peripheral immune system. Reducing the antigen specific
response in ischemic stroke is also a promising target, but
achieving the correct level of suppression and identifying the
optimal antigen to target remain to be explored in pre-clinical
models before progressing to clinical trials. In conclusion, T cells
have crucial functions during post-stroke inflammation and are
promising immunotherapy targets for the treatment of
ischemic stroke.
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