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The treatment of acute ischemic stroke is still an unresolved clinical problem since the

only approved therapeutic intervention relies on early blood flow restoration through

pharmacological thrombolysis, mechanical thrombus removal, or a combination of both

strategies. Due to their numerous complications and to the narrow time-window for the

intervention, only a minority of stroke patients can actually benefit from revascularization

procedures, highlighting the urgent need of identifying novel strategies to prevent the

progression of an irreversible damage in the ischemic penumbra. During the past three

decades, the attempts to target the pathways implicated in the ischemic cascade

(e.g., excitotoxicity, calcium channels overactivation, reactive oxygen species (ROS)

production) have failed in the clinical setting. Based on a better understanding of the

pathobiological mechanisms and on a critical reappraisal of most failed trials, numerous

findings from animal studies have demonstrated that targeting the immune system

may represent a promising approach to achieve neuroprotection in stroke. In particular,

given the dualistic role of distinct components of both the innate and adaptive arms of

the immune system, a strategic intervention should be aimed at establishing the right

equilibrium between inflammatory and reparative mechanisms, taking into consideration

their spatio-temporal recruitment after the ischemic insult. Thus, the application of

immunomodulatory drugs and their ability to ameliorate outcomes deserve validation in

patients with acute ischemic stroke.
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INTRODUCTION

Over the past three decades, experimental studies, as well as evidence from the clinical setting, have
provided the basis for understanding the pathobiological mechanisms underlying stroke. Despite
significant advances were made in the elucidation of cellular and molecular pathways implicated
in brain ischemia, none of the previously identified potential molecular targets has actually been
translated into an effective pharmacological therapy. Therefore, the concept of neuroprotection in
stroke is increasingly considered as a chimera, leading to a strong disappointment in all the players
involved in the research and development pipeline, from the financial supporters to the basic and
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clinical researchers. In fact, the only therapeutic intervention
approved for the acute treatment of ischemic stroke patients is
based on early blood flow restoration through pharmacological
thrombolysis (within 4.5 h from symptoms onset), mechanical
thrombus removal (within 6 h from onset) or a combination of
both strategies (Saver et al., 2015; Goyal et al., 2016; Rodrigues
et al., 2016; Campbell et al., 2017; Shireman et al., 2017).
Two very recent clinical trials (DEFUSE3 and DAWN) have
revealed that endovascular thrombectomy, initiated up to 16–
24 h after patients were last known well, results in significant
amelioration of outcomes, especially in patients with small infarct
core volumes (i.e., with slow early DWI growth rate) (Albers
et al., 2018; Nogueira et al., 2018). Thus, the paradigm “time
is brain” deserves a revision, based on a better understanding
of the evolution of ischemic core lesions and on imaging-based
selection criteria of patients that have been suggested to underlie
the “late window paradox” (Sandercock and Ricci, 2017; Albers,
2018).

Although the narrow time-window for the intervention might
no longer be considered a major drawback of revascularization
approaches (at least in some patients), these procedures are still
endowed with a number of disadvantages, such as a relative
high percentage of failures and a number of complications that
strongly limit their therapeutic use (Gill et al., 2014; Saver et al.,
2015; Balami et al., 2017; Kim, 2017). As a result, only a minority
of stroke patients are eligible for revascularization procedures
and can actually benefit from them. A major issue that needs to
be considered relates to the fact that these approaches do not act
on the brain tissue to provide neuroprotection, as they do not
interfere with the cascade of events that lead to cerebral damage,
neither they affect any process that prompts neuronal survival.
This highlights the need for a better understanding of the
cellular and molecular mechanisms involved in the development
of a structural lesion in the ischemic penumbra, where the
progression of an irreversible lesion occurs more slowly as
compared to the rapidly demising core (Dirnagl et al., 1999;
Heiss, 2012; Davis and Donnan, 2014). Reducing the growth
rate of the ischemic core represents a pivotal pharmacological
goal both to limit the progression of ischemic brain damage and
to increase patient eligibility and success rate of endovascular
procedures (Lo and Ning, 2016; Albers, 2018).

FROM NEUROPROTECTION TO
IMMUNOMODULATION

Cerebral ischemia is typically triggered by the interruption
of blood supply to the brain, leading to energy failure,
and activation of a cascade of events that ultimately causes
brain damage. The ischemic cascade has been thoroughly
described elsewhere (Dirnagl et al., 1999; Candelario-Jalil, 2009;
Moskowitz et al., 2010; Heiss, 2012). Briefly, as a result of
decreased oxygen supply, neurons are unable to accomplish
aerobic respiration in mitochondria, intracellular pH decreases,
deterioration of membrane ion gradients occurs, and cellular
swelling results in cytotoxic oedema (Kohno et al., 1995; Hu
and Song, 2017; von Kummer and Dzialowski, 2017). Excitatory

neurotransmitters are released in the extracellular space,
reaching concentrations that are toxic to neurons. Excitotoxicity,
Ca2+-dependent activation of detrimental enzymes, excessive
production of reactive oxygen species (ROS) and inflammation
represent crucial mechanisms underlying blood-brain barrier
(BBB) disruption and neuronal death in the ischemic brain
(Benveniste et al., 1984; Rothman and Olney, 1986; Butcher
et al., 1990; Bano and Nicotera, 2007; Anrather and Iadecola,
2016; Curcio et al., 2016; Amantea and Bagetta, 2017). At
least in experimental model systems, the ischemic insult results
in upregulation of diverse programmed cell death pathways,
whereby the active crosstalk between apoptosis, necroptosis, and
autophagy pathways ultimately affects cellular fate (Yuan and
Yankner, 2000; Wang et al., 2018).

During the past three decades, in order to achieve
neuroprotection, a large number of studies was aimed at
validating these mechanisms as potential therapeutic targets.
Despite effective neuroprotection was obtained in the preclinical
setting by a number of approaches (i.e., glutamate receptor
antagonism, calcium channel blockade, magnesium infusion,
free radical scavenging, attenuation of inflammatory responses),
there was an overwhelming failure to validate in patients these
apparently promising findings. Several reasons have been
postulated to explain why neuroprotection has not worked in
human stroke, including limitations of the animal models used,
erroneous preclinical or clinical trial design and/or inadequate
selection of patients (Klehmet et al., 1999; Ford, 2009; Howells
et al., 2014). Moreover, most of the studies on neuroprotection
in stroke focused on acute mechanisms, occurring quite early
after stroke injury, and were primarily aimed at targeting
neuron-specific responses (Ginsberg, 2008). During the past
decade, a more integrated view of the brain has highlighted
the pivotal role of several components of the neurovascular
unit in neuronal function and dysfunction (Iadecola, 2017). In
fact, a dynamic crosstalk between neurons, glia, endothelium,
and blood-borne cells dramatically affects the progression
of ischemic brain damage (Lo and Ning, 2016). Due to the
discovery that inflammatory mediators play a crucial role in the
progression of the damage in the penumbra, more recently, the
efforts of stroke researchers were devoted to the identification
of neuroprotective candidates through the attenuation of
the neuroinflammatory response (Veltkamp and Gill, 2016).
In this context, hypothermia has been reported to decrease
activation/production of inflammatory mediators in the ischemic
brain (Deng et al., 2003; Lee et al., 2016; Sandu et al., 2016).
However, the pure blockade of a single inflammatory mechanism
has led to disappointing results, being most mediators endowed
with dualistic effects on the progression of ischemic brain
damage (Amantea et al., 2014). This is consistent with the ability
of the brain to trigger regenerative responses that are essential
for spontaneous recovery and involve cell genesis, axon growth,
and synaptic modulation (Chu et al., 2012; Hermann and
Chopp, 2014; Felling and Song, 2015). In this context, astrocytes,
microglia, and monocytes/macrophages are among the most
potent modulators of brain repair/regeneration (Amantea et al.,
2015; Liu and Chopp, 2016). Indeed, a dualistic nature has
been ascribed to the immune system, since both the innate
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and adaptive responses triggered following an ischemic stroke
consist of detrimental or beneficial/reparative components
that differentially evolve depending on the spatiotemporal
progression of tissue injury (Fumagalli et al., 2015; Gill and
Veltkamp, 2016).

THE INVOLVEMENT OF THE IMMUNE
SYSTEM

Release of damage-associated molecular pattern molecules upon
the ischemic insult, triggers a rapid activation and proliferation
of local microglia (Li et al., 2013; Benakis et al., 2014) that
acquires an amoeboid phenotype typically associated with
phagocytosis that underlies the important task of clearing debris
and repairing the tissue (Schilling et al., 2005; Fang et al., 2014;
Li et al., 2015). However, microglia activation also results in
the release of inflammatory mediators, such as tumor necrosis
factor (TNF), and ROS that increase susceptibility to cortical
spreading depression (CSD) (Shibata and Suzuki, 2017) and
prompt BBB damage, thus fostering the brain recruitment
of leukocytes, including monocytes, neutrophils, and T cells
(Gelderblom et al., 2009; Chu et al., 2014; Ritzel et al., 2015).
It has been suggested that stroke mobilizes immature Ly6Chi

inflammatory monocytes that infiltrate the ischemic brain early
after injury, reaching the core of the lesion. Then, monocytes
progressively acquire the expression of typical markers of
alternatively activated M2 macrophages, like arginase-1 and
Ym-1, suggesting their possible role in tissue repair during
the sub-acute phase of stroke (Miró-Mur et al., 2015). At
least in animal models, during the early phases after ischemia,
microglia, and macrophages adopt an M2 reparative phenotype,
then superseded by ischemia-induced M1-like phenotypes that
populate the injured brain days after the initial insult (Figure 1;
Perego et al., 2011; Hu et al., 2012; Fumagalli et al., 2015;
Ritzel et al., 2015; Wattananit et al., 2016; Kronenberg et al.,
2017; Greco et al., 2018). These inflammatory phenotypes
participate to cerebral injury, by releasing neurotoxic substances
[i.e., TNF-α, interleukin (IL)-1β, monocyte chemoattractant
protein (MCP)-1, macrophage inflammatory protein (MIP)-
1α, and IL-6] and ROS. To counteract this inflammatory,
detrimental process, sublethally injured neurons in the ischemic
penumbra produce IL-4, a potent M2-polarizing cytokine (Zhao
et al., 2015). In a recent study, selective depletion of different
monocyte/macrophage subsets did not influence functional and
histological outcomes after 30min of transient MCAo in rodents,
thus suggesting that monocytes/macrophages may not affect
damage after a mild ischemic insult (Schmidt et al., 2017).
However, that study did not take into account that microglia
and monocytes/macrophages experience mixed and complex
polarization dynamics dramatically affected by the spatio-
temporal production of ischemia-induced microenvironmental
stimuli (Fumagalli et al., 2015). Understanding thesemechanisms
and identifying cellular targets that allow the fine tuning of
M1-to-M2 polarization shift represent a promising strategy to
implement clinical success of stroke therapy. This approach
has been successfully validated in preclinical settings, whereby

a number of drugs that reduce the M1/M2 ratio during the
acute phase of stroke ameliorate histological and functional
outcomes in rodents. Among these, there is evidence that certain
antibacterial drugs endowed with strong immunomodulatory
properties, such as minocycline and azithromycin, may represent
promising candidates as stroke therapeutics (Liao et al., 2013;
Yang et al., 2015; Amantea et al., 2016a,b). Similarly, other drugs
belonging to different chemical and pharmacological classes
share the ability to provide neuroprotection by reducing the
M1/M2 ratio, including eplerenone spironolactone (Frieler et al.,
2011, 2012), Exendin-4 (Darsalia et al., 2014), metformin (Jin
et al., 2014), and rosiglitazone (Han et al., 2015). Intriguingly, the
latter drug, as well as bexarotene, have been shown to provide
neuroprotection in animal models of focal cerebral ischemia by
promoting the polarization of neutrophils toward the beneficial
N2 phenotype (Cuartero et al., 2013; Certo et al., 2015).

In fact, similar to other myeloid cells, neutrophils may display
different features in stroke, ranging from the inflammatory
functions of the N1 phenotype to supportive and beneficial
roles for the N2 phenotype (Jickling et al., 2015; Ruhnau
et al., 2017). After the ischemic insult, they rapidly release
ROS and cytokines that, together with an increased activity
of proteases, contribute to BBB rupture, brain oedema, and
cerebral damage (Jickling et al., 2015; Frieler et al., 2017). Brain
recruitment of neutrophils correlates with poor neurological
outcome and brain damage severity both in humans and in
rodents. Although there is some evidence arguing that they
only accumulate in the perivascular space, without actually
penetrating the brain parenchima (Enzmann et al., 2013;
Perez-de-Puig et al., 2015), the crucial role of neutrophils
in the progression of ischemic cerebral damage is clearly
demonstrated (Matsuo et al., 1994; Garcia-Bonilla et al., 2014;
Gelderblom et al., 2014; Maestrini et al., 2015; Neumann
et al., 2015; Frieler et al., 2017). However, although neutrophils
were regarded as promising pharmacological targets for the
treatment of ischemic stroke, the success of clinical studies
was limited by their beneficial properties (Jickling et al., 2015).
Therefore, targeting myeloid cells by blocking their N1- or
M1-mediated detrimental functions, while promoting their shift
toward N2- or M2-like phenotypes at early times after injury
should be considered a reliable strategy for neuroprotection in
stroke.

EVOLUTION OF INNATE AND ADAPTIVE
IMMUNE RESPONSES

A major advantage of targeting the immune system in ischemic
stroke is ascribable to the possibility to widen the time-window
for the intervention since immune responses are targetable
in the acute, subacute, and chronic phases of recovery. The
initial recruitment of local (i.e., microglia) and peripheral innate
immune cells (i.e., monocytes/macrophages and neutrophils)
underlies the early, non-specific, inflammatory response to the
ischemic damage. Upon injury, the brain rapidly communicates
with the periphery, thus an exponential increase in neutrophils
count and an exponential decrease in the lymphocyte count occur
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FIGURE 1 | Polarization of microglia/macrophages toward protective (M2) or

inflammatory (M1) phenotypes after ischemic stroke. Early after the ischemic

insult, locally activated microglia/macrophages and blood-borne

monocytes/macrophages display an M2 phenotype characterized by

enhanced phagocytic activity and production of mediators [e.g., IL-10,

transforming growth factor (TGF)-β, arginase] that provide resolution of

inflammation and pro-survival effects toward hypoxic/ischemic neurons. This

M2-mediated response is transient and quenches few days after the insult,

being replaced by an inflammatory detrimental phase dominated by

M1-polarized cells that exhibit reduced phagocytosis ability and release of

inflammatory and neurotoxic mediators (e.g., TNF-α, IL-1β, IL-6, MCP-1,

MIP-1α, proteases, ROS, nitric oxide). At later stages, release of regulatory

and growth factors [e.g., brain-derived neurotrophic factor (BDNF),

glia-derived neurotrophic factor (GDNF), and insulin-like growth factor (IGF)-1]

by M2-like microglia/macrophages contributes to reparative mechanisms

implicated in late tissue recovery. The M1/M2 dichotomy is an illustrative

theoretical framework that only embodies two extreme activation states of a

spectrum of different functional phenotypes that actually occur in the damaged

tissue. The inflammatory M1 phenotypes are typically triggered by interferon

(INF)-γ, TLRs modulation or miRNA-155; whereas, the reparative M2

phenotypes are prompted by IL-4, IL-10, TGF-β, miRNA-124, or miRNA-145.

Moreover, a number of receptors have been demonstrated to trigger

polarization toward the M2 or M1 phenotype, thus representing promising

targets for successful immunomodulation in stroke: the α7 nicotinic

acetylcholine receptor (α7 nAChR), the CD200R, the peroxisome

proliferator-activated receptor-γ (PPARγ), the triggering receptor expressed on

myeloid cells (TREM), the class A scavenger receptor (SR-A), the fractalkine

receptor CX3CR1 and the mineralcorticoid receptor (MR).

in the hours immediately after stroke onset in patients (Veltkamp
and Gill, 2016). Moreover, the abundance of inflammatory
monocytes in the blood of stroke patients has been linked to
unfavorable outcome (Urra et al., 2009; Kaito et al., 2013).

Genomic profiling of peripheral blood has allowed to identify
critical genes and biological immune processes associated with
ischemic brain injury in patients (Oh et al., 2012; Barr et al.,
2015; Asano et al., 2016). The pathway of innate immunity
toll-like receptors (TLRs) has been suggested to be upregulated
in the blood of acute ischemic stroke patients within 24 h of
symptoms onset (Barr et al., 2010), which is consistent with
the evidence that poor outcome is associated with increased
expression of TLR-4 in monocytes (Yang et al., 2008; Urra
et al., 2009). Accordingly, TLR-4 contributes to brain damage

and inflammation in mice subjected to focal cerebral ischemia
and promotes haemorrhagic transformation induced by delayed
tPA administration (Caso et al., 2007; García-Culebras et al.,
2017). At later time-points, i.e., 24–48 h after stroke, the primary
pathway expressed in the peripheral blood of stroke patients
relies on cytotoxic T-lymphocyte antigen 4 (CTLA4) (Barr
et al., 2015), a costimulatory molecule expressed by activated T
cells that serves as a negative modulator of adaptive immune
cell functions (Buchbinder and Hodi, 2015). Therefore, T cells
responsiveness decreases during the first 24–48 h after human
stroke, which is consistent with the shift into a suppression
state of the adaptive immune response (Miró-Mur et al., 2016).
Interestingly, innate immune responses have been shown to have
a role in self-tolerance, since the soluble form of CD163, a
scavenger receptor shed from the plasma membrane of activated
monocytes after stroke, increases in the blood circulation upon
injury and exerts inhibitory effects on lymphocytic activity and
proliferation (Moeller et al., 2012; Buechler et al., 2013; Lee
et al., 2014; O’Connell et al., 2017). Arginase 1, released from
circulating neutrophils upon acute ischemic stroke, has also been
suggested to contribute to lymphocyte suppression in patients
(Asano et al., 2016; Petrone et al., 2016). Notably, stroke-induced
immunodepression is characterized by a transient lymphopenia,
lymphoid organ atrophy, andmonocyte deactivation, a condition
that serves to reduce the probability of an autoimmune response
toward brain antigens exposed and presented to lymphoid cells
after BBB disruption (Urra et al., 2014). However, any potential
brain protective effect of stroke-induced immunodepression by
attenuating or preventing lymphocyte-mediated brain damage is
confounded by stroke severity and by an increased incidence of
infections, that represents a major cause of death in the post-
acute phase (Miró-Mur et al., 2016). Thus, the maintenance of
an adequate equilibrium between self-tolerance and pathogen
susceptibility is crucial for patient recovery, whereby the degree
of immune suppression requires an adequate balance between
innate and adaptive responses. In fact, the disruption of the
crosstalk between innate and adaptive mechanisms is harmful
and is predictive of poor recovery. As a consequence of this
maladaptation, an elevated neutrophil/lymphocyte ratio is used
to predict poor prognosis in acute ischemic stroke patients
(Brooks et al., 2014; Celikbilek et al., 2014; Xue et al., 2017) and
has recently been suggested to be an independent risk factor for
ischemic stroke incidence in generally healthy adults (Suh et al.,
2017).

The transient suppression of the immune response is followed
by sensitization of the peripheral immune system to brain-
derived antigens. These latter become unmasked by the insult,
as rupture of the BBB and other mechanisms expose reactive
peptides that are normally sequestered (Becker, 2009; Urra et al.,
2014). By contrast, antigen-independent mechanisms are likely
to underlie the deleterious effects of T cells in the very early
phase of ischaemia (Gill and Veltkamp, 2016). Thus, an adaptive
immune system response builds up through the recruitment
of T lymphocytes and natural killer T cells within few days
after stroke, followed by a delayed (i.e., persisting for up to 30
days after the insult) activation and proliferation of regulatory
T cells (Treg) that restrain the inflammatory response triggered
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by acute brain damage (Gill and Veltkamp, 2016). Therefore,
likewise the early innate immunity, late T-cell mediated responses
are endowed with both inflammatory and protective functions.
This may explain the clinical failure to reduce infarct growth
of natalizumab, a humanized monoclonal antibody against the
glycoprotein α4 integrin expressed on the surface of lymphocytes
and monocytes (Elkins et al., 2017). By reducing the adhesion
of leukocytes to the endothelial vessel wall, natalizumab blocks
their brain infiltration in animal models, resulting in reduced
infarct volume after the permanent distal occlusion of the
middle cerebral artery, which causes a small cortical infarction
(Llovera et al., 2015). The fact that, under certain experimental
conditions, natalizumab failed to exert neuroprotection, despite
its ability to reduce recruitment of T cells and neutrophils, can
be explained on the basis of its specific mechanism of action
that does not allow to discriminate different subpopulations
of leukocytes, namely the drug also blocks cerebral invasion
of potentially protective phenotypes (Langhauser et al., 2014;
Tatlisumak, 2017). This further highlights that any intervention
aimed at targeting the immune system should selectively suppress
detrimental responses, while promoting those that contribute to
resolution of inflammation, repair, and regeneration.

CONCLUSIONS

Despite the numerous experimental efforts taken to identify
potential pharmacological targets for neuroprotection in stroke,
only little progress has been made in translating these findings
to the clinical setting. As a consequence, patients can only

rely on procedures that allow reperfusion of the occluded

vessels, endowed with a number of limitations that maintain
ischemic stroke, a leading cause of death and long-term disability
worldwide. The results of two recent clinical trials (DEFUSE3 and
DAWN) have deranged the “time is brain” paradigm, enhancing
the expectations for eligibility of patients for endovascular
thrombectomy, especially for those with a slowly expanding
ischemic core. This will give new impulse to basic research, since
blocking the mechanisms of infarct growth in the penumbra
would result in better access to endovascular therapies, as well
as in reduced brain damage and neurological deficit. Given the
strict interplay between the ischemic penumbra and the innate
and adaptive arms of the immune system, growing evidence
highlights the promising neuroprotective effects of a rational
immunomodulation in stroke models. Thus, re-establishing
the equilibrium between inflammatory, detrimental immune
responses, and reparative mechanisms represents a promising
strategy that deserves validation in patients with acute ischemic
stroke.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by the Italian Ministry of Education,
University and Research (PRIN2015 – Prot. 2015KRYSJN).

REFERENCES

Albers, G. W. (2018). Late window paradox. Stroke 49, 768–771.

doi: 10.1161/STROKEAHA.117.020200

Albers, G. W., Marks, M. P., Kemp, S., Christensen, S., Tsai, J. P., Ortega-

Gutierrez, S., et al. (2018). Thrombectomy for stroke at 6 to 16 hours

with selection by perfusion imaging. N. Engl. J. Med. 378, 708–718.

doi: 10.1056/NEJMoa1713973

Amantea, D., and Bagetta, G. (2017). Excitatory and inhibitory amino acid

neurotransmitters in stroke: from neurotoxicity to ischemic tolerance. Curr.

Opin. Pharmacol. 35, 111–119. doi: 10.1016/j.coph.2017.07.014

Amantea, D., Certo, M., Petrelli, F., and Bagetta, G. (2016a). Neuroprotective

properties of a macrolide antibiotic in a mouse model of middle cerebral artery

occlusion: characterization of the immunomodulatory effects and validation

of the efficacy of intravenous Administration. Assay Drug Dev. Technol. 14,

298–307. doi: 10.1089/adt.2016.728

Amantea, D., Certo, M., Petrelli, F., Tassorelli, C., Micieli, G., Corasaniti, M. T.,

et al. (2016b). Azithromycin protects mice against ischemic stroke injury by

promoting macrophage transition towards M2 phenotype. Exp. Neurol. 275(Pt

1), 116–125. doi: 10.1016/j.expneurol.2015.10.012

Amantea, D., Micieli, G., Tassorelli, C., Cuartero, M. I., Ballesteros, I.,

Certo, M., et al. (2015). Rational modulation of the innate immune

system for neuroprotection in ischemic stroke. Front. Neurosci. 9:147.

doi: 10.3389/fnins.2015.00147

Amantea, D., Tassorelli, C., Petrelli, F., Certo, M., Bezzi, P., Micieli, G.,

et al. (2014). Understanding the multifaceted role of inflammatory

mediators in ischemic stroke. Curr. Med. Chem. 21, 2098–2117.

doi: 10.2174/0929867321666131227162634

Anrather, J., and Iadecola, C. (2016). Inflammation and stroke: an overview.

Neurotherapeutics 13, 661–670. doi: 10.1007/s13311-016-0483-x

Asano, S., Chantler, P. D., and Barr, T. L. (2016). Gene expression profiling in

stroke: relevance of blood–brain interaction. Curr. Opin. Pharmacol. 26, 80–86.

doi: 10.1016/j.coph.2015.10.004

Balami, J. S., White, P. M., McMeekin, P. J., Ford, G. A., and Buchan, A. M. (2017).

Complications of endovascular treatment for acute ischemic stroke: prevention

and management. Int. J. Stroke. doi: 10.1177/1747493017743051. [Epub ahead

of print]

Bano, D., and Nicotera, P. (2007). Ca2+ signals and neuronal death in brain

ischemia. Stroke 38, 674–676. doi: 10.1161/01.STR.0000256294.46009.29

Barr, T. L., Conley, Y., Ding, J., Dillman, A., Warach, S., Singleton, A.,

et al. (2010). Genomic biomarkers and cellular pathways of ischemic

stroke by RNA gene expression profiling. Neurology 75, 1009–1014.

doi: 10.1212/WNL.0b013e3181f2b37f

Barr, T. L., VanGilder, R., Rellick, S., Brooks, S. D., Doll, D. N., Lucke-

Wold, A. N., et al. (2015). A genomic profile of the immune response to

stroke with implications for stroke recovery. Biol. Res. Nurs. 17, 248–256.

doi: 10.1177/1099800414546492

Becker, K. J. (2009). Sensitization and tolerization to brain antigens in stroke.

Neuroscience 158, 1090–1097. doi: 10.1016/j.neuroscience.2008.07.027

Benakis, C., Garcia-Bonilla, L., Iadecola, C., and Anrather, J. (2014). The role of

microglia and myeloid immune cells in acute cerebral ischemia. Front. Cell.

Neurosci. 8:461. doi: 10.3389/fncel.2014.00461

Benveniste, H., Drejer, J., Schousboe, A., and Diemer, N. H. (1984). Elevation of

the extracellular concentrations of glutamate and aspartate in rat hippocampus

during transient cerebral ischemia monitored by intracerebral microdialysis. J.

Neurochem. 43, 1369–1374. doi: 10.1111/j.1471-4159.1984.tb05396.x

Brooks, S. D., Spears, C., Cummings, C., VanGilder, R. L., Stinehart, K. R.,

Gutmann, L., et al. (2014). Admission neutrophil–lymphocyte ratio predicts

90 day outcome after endovascular stroke therapy. J. Neurointerv. Surg. 6,

578–583. doi: 10.1136/neurintsurg-2013-010780

Frontiers in Neuroscience | www.frontiersin.org 5 April 2018 | Volume 12 | Article 241

https://doi.org/10.1161/STROKEAHA.117.020200
https://doi.org/10.1056/NEJMoa1713973
https://doi.org/10.1016/j.coph.2017.07.014
https://doi.org/10.1089/adt.2016.728
https://doi.org/10.1016/j.expneurol.2015.10.012
https://doi.org/10.3389/fnins.2015.00147
https://doi.org/10.2174/0929867321666131227162634
https://doi.org/10.1007/s13311-016-0483-x
https://doi.org/10.1016/j.coph.2015.10.004
https://doi.org/10.1177/1747493017743051
https://doi.org/10.1161/01.STR.0000256294.46009.29
https://doi.org/10.1212/WNL.0b013e3181f2b37f
https://doi.org/10.1177/1099800414546492
https://doi.org/10.1016/j.neuroscience.2008.07.027
https://doi.org/10.3389/fncel.2014.00461
https://doi.org/10.1111/j.1471-4159.1984.tb05396.x
https://doi.org/10.1136/neurintsurg-2013-010780
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Amantea et al. Neuroimmunomodulation in Stroke

Buchbinder, E., and Hodi, F. S. (2015). Cytotoxic T lymphocyte antigen-

4 and immune checkpoint blockade. J. Clin. Invest. 125, 3377–3383.

doi: 10.1172/JCI80012

Buechler, C., Eisinger, K., and Krautbauer, S. (2013). Diagnostic and

prognostic potential of the macrophage specific receptor CD163 in

inflammatory diseases. Inflamm. Allergy Drug Targets 12, 391–402.

doi: 10.2174/18715281113126660060

Butcher, S. P., Bullock, R., Graham, D. I., and McCulloch, J. (1990).

Correlation between amino acid release and neuropathologic outcome in

rat brain following middle cerebral artery occlusion. Stroke 21, 1727–1733.

doi: 10.1161/01.STR.21.12.1727

Campbell, B. C. V., Mitchell, P. J., Churilov, L., Keshtkaran, M., Hong, K. S.,

Kleinig, T. J., et al. (2017). Endovascular thrombectomy for ischemic stroke

increases disability-free survival, quality of life, and life expectancy and reduces

cost. Front. Neurol. 8:657. doi: 10.3389/fneur.2017.00657

Candelario-Jalil, E. (2009). Injury and repair mechanisms in ischemic stroke:

considerations for the development of novel neurotherapeutics. Curr. Opin.

Investig. Drugs 10, 644–654.

Caso, J. R., Pradillo, J. M., Hurtado, O., Lorenzo, P., Moro, M. A., and

Lizasoain, I. (2007). Toll-Like receptor 4 is involved in brain damage

and inflammation after experimental stroke. Circulation 115, 1599–1608.

doi: 10.1161/CIRCULATIONAHA.106.603431

Celikbilek, A., Ismailogullari, S., and Zararsiz, G. (2014). Neutrophil to lymphocyte

ratio predicts poor prognosis in ischemic Cerebrovascular Disease. J. Clin. Lab.

Anal. 28, 27–31. doi: 10.1002/jcla.21639

Certo, M., Endo, Y., Ohta, K., Sakurada, S., Bagetta, G., and Amantea, D.

(2015). Activation of RXR/PPARγ underlies neuroprotection by bexarotene in

ischemic stroke. Pharmacol. Res. 102, 298–307. doi: 10.1016/j.phrs.2015.10.009

Chu, H. X., Kim, H. A., Lee, S., Moore, J. P., Chan, C. T., Vinh, A., et al.

(2014). Immune cell infiltration in malignant middle cerebral artery infarction:

comparison with transient cerebral ischemia. J. Cereb. Blood Flow Metab. 34,

450–459. doi: 10.1038/jcbfm.2013.217

Chu,M., Hu, X., Lu, S., Gan, Y., Li, P., Guo, Y., et al. (2012). Focal cerebral ischemia

activates neurovascular restorative dynamics in mouse brain. Front. Biosci. 4,

1926–1936. doi: 10.2741/e513

Cuartero, M. I., Ballesteros, I., Moraga, A., Nombela, F., Vivancos, J., Hamilton,

J. A., et al. (2013). N2 neutrophils, novel players in brain inflammation after

stroke: modulation by the PPARγ agonist rosiglitazone. Stroke 44, 3498–3508.

doi: 10.1161/STROKEAHA.113.002470

Curcio, M., Salazar, I. L., Mele, M., Canzoniero, L. M., and Duarte, C. B. (2016).

Calpains and neuronal damage in the ischemic brain: the swiss knife in

synaptic injury. Prog. Neurobiol. 143, 1–35. doi: 10.1016/j.pneurobio.2016.

06.001

Darsalia, V., Hua, S., Larsson, M., Mallard, C., Nathanson, D., Nyström, T., et al.

(2014). Exendin-4 reduces ischemic brain injury in normal and aged type 2

diabetic mice and promotes microglial M2 polarization. PLoS ONE 9:e103114.

doi: 10.1371/journal.pone.0103114

Davis, S., and Donnan, G. A. (2014). Time is penumbra: imaging, selection and

outcome. Cerebrovasc. Dis. 38, 59–72. doi: 10.1159/000365503

Deng, H., Han, H. S., Cheng, D., Sun, G. H., and Yenari,

M. A. (2003). Mild hypothermia inhibits inflammation after

experimental stroke and brain inflammation. Stroke 34, 2495–2501.

doi: 10.1161/01.STR.0000091269.67384.E7

Dirnagl, U., Iadecola, C., and Moskowitz, M. A. (1999). Pathobiology

of ischaemic stroke: an integrated view. Trends Neurosci. 22, 391–397.

doi: 10.1016/S0166-2236(99)01401-0

Elkins, J., Veltkamp, R., Montaner, J., Johnston, S. C., Singhal, A. B., Becker, K.,

et al. (2017). Safety and efficacy of natalizumab in patients with acute ischaemic

stroke (ACTION): a randomised, placebo-controlled, double-blind phase 2

trial. Lancet Neurol. 16, 217–226. doi: 10.1016/S1474-4422(16)30357-X

Enzmann, G., Mysiorek, C., Gorina, R., Cheng, Y. J., Ghavampour, S.,

Hannocks, M. J., et al. (2013). The neurovascular unit as a selective

barrier to polymorphonuclear granulocyte (PMN) infiltration into

the brain after ischemic injury. Acta Neuropathol. 125, 395–412.

doi: 10.1007/s00401-012-1076-3

Fang, H., Chen, J., Lin, S., Wang, P., Wang, Y., Xiong, X., et al. (2014).

CD36-mediated hematoma absorption following intracerebral hemorrhage:

negative regulation by TLR4 signaling. J. Immunol. 192, 5984–5992.

doi: 10.4049/jimmunol.1400054

Felling, R. J., and Song, H. (2015). Epigenetic mechanisms of neuroplasticity

and the implications for stroke recovery. Exp. Neurol. 268, 37–45.

doi: 10.1016/j.expneurol.2014.09.017

Ford, G. A. (2009). Clinical pharmacological issues in the development

of acute stroke therapies. Br. J. Pharmacol. 153(Suppl. 1), S112–S119.

doi: 10.1038/sj.bjp.0707654

Frieler, R. A., Chung, Y., Ahlers, C. G., Gheordunescu, G., Song, J.,

Vigil, T. M., et al. (2017). Genetic neutrophil deficiency ameliorates

cerebral ischemia-reperfusion injury. Exp. Neurol. 298, 104–111.

doi: 10.1016/j.expneurol.2017.08.016

Frieler, R. A., Meng, H., Duan, S. Z., Berger, S., Schütz, G., He, Y., et al (2011).

Myeloid-specific deletion of the mineralocorticoid receptor reduces infarct

volume and alters inflammation during cerebral ischemia. Stroke 42, 179–185.

doi: 10.1161/STROKEAHA.110.598441

Frieler, R. A., Ray, J. J., Meng, H., Ramnarayanan, S. P., Usher, M. G., Su,

E. J., et al. (2012). Myeloid mineralocorticoid receptor during experimental

ischemic stroke: effects of model and sex. J. Am. Heart Assoc. 1:e002584.

doi: 10.1161/JAHA.112.002584

Fumagalli, S., Perego, C., Pischiutta, F., Zanier, E. R., and De Simoni, M. G. (2015).

The ischemic environment drives microglia and macrophage function. Front.

Neurol. 6:81. doi: 10.3389/fneur.2015.00081

Garcia-Bonilla, L., Moore, J. M., Racchumi, G., Zhou, P., Butler, J. M., Iadecola, C.,

et al. (2014). Inducible nitric oxide synthase in neutrophils and endothelium

contributes to ischemic brain injury in mice. J. Immunol. 193, 2531–2537.

doi: 10.4049/jimmunol.1400918

García-Culebras, A., Palma-Tortosa, S., Moraga, A., García-Yébenes, I., Durán-

Laforet, V., Cuartero, M. I., et al. (2017). Toll-Like receptor 4 mediates

hemorrhagic transformation after delayed tissue plasminogen activator

administration in in situ thromboembolic stroke. Stroke 48, 1695–1699.

doi: 10.1161/STROKEAHA.116.015956

Gelderblom, M., Leypoldt, F., Steinbach, K., Behrens, D., Choe, C.

U., Siler, D. A., et al. (2009). Temporal and spatial dynamics of

cerebral immune cell accumulation in stroke. Stroke 40, 1849–1857.

doi: 10.1161/STROKEAHA.108.534503

Gelderblom, M., Melzer, N., Schattling, B., Göb, E., Hicking, G., Arunachalam,

P., et al. (2014). Transient receptor potential melastatin subfamily

member 2 cation channel regulates detrimental immune cell invasion in

ischemic stroke. Stroke 45, 3395–3402. doi: 10.1161/STROKEAHA.114.

005836

Gill, D., and Veltkamp, R. (2016). Dynamics of T cell responses after stroke. Curr.

Opin. Pharmacol. 26, 26–32. doi: 10.1016/j.coph.2015.09.009

Gill, H. L., Siracuse, J. J., Parrack, I. K., Huang, Z. S., and Meltzer, A. J. (2014).

Complications of the endovascular management of acute ischemic stroke.Vasc.

Health Risk Manag. 10, 675–681. doi: 10.2147/VHRM.S44349

Ginsberg, M. D. (2008). Neuroprotection for ischemic stroke:

past, present and future. Neuropharmacology 55, 363–389.

doi: 10.1016/j.neuropharm.2007.12.007

Goyal, M., Menon, B. K., van Zwam, W. H., Dippel, D. W., Mitchell,

P. J., Demchuk, A. M., et al. (2016). Endovascular thrombectomy

after large-vessel ischaemic stroke: a meta-analysis of individual

patient data from five randomised trials. Lancet 387, 1723–1731.

doi: 10.1016/S0140-6736(16)00163-X

Greco, R., Demartini, C., Zanaboni, A. M., Blandini, F., Amantea, D., and

Tassorelli, C. (2018). Endothelial nitric oxide synthase inhibition triggers

inflammatory responses in the brain of male rats exposed to ischemia-

reperfusion injury. J. Neurosci. Res. 96, 151–159. doi: 10.1002/jnr.24101

Han, L., Cai, W., Mao, L., Liu, J., Li, P., Leak, R. K., et al. (2015).

Rosiglitazone promotes white matter integrity and long-term

functional recovery after focal cerebral Ischemia. Stroke 46, 2628–2636.

doi: 10.1161/STROKEAHA.115.010091

Heiss, W. D. (2012). The ischemic penumbra: how does tissue injury evolve? Ann.

N. Y. Acad. Sci. 1268, 26–34. doi: 10.1111/j.1749-6632.2012.06668.x

Hermann, D. M., and Chopp, M. (2014). Promoting neurological recovery in

the post-acute stroke phase: benefits and challenges. Eur. Neurol. 72, 317–325.

doi: 10.1159/000365171

Frontiers in Neuroscience | www.frontiersin.org 6 April 2018 | Volume 12 | Article 241

https://doi.org/10.1172/JCI80012
https://doi.org/10.2174/18715281113126660060
https://doi.org/10.1161/01.STR.21.12.1727
https://doi.org/10.3389/fneur.2017.00657
https://doi.org/10.1161/CIRCULATIONAHA.106.603431
https://doi.org/10.1002/jcla.21639
https://doi.org/10.1016/j.phrs.2015.10.009
https://doi.org/10.1038/jcbfm.2013.217
https://doi.org/10.2741/e513
https://doi.org/10.1161/STROKEAHA.113.002470
https://doi.org/10.1016/j.pneurobio.2016.06.001
https://doi.org/10.1371/journal.pone.0103114
https://doi.org/10.1159/000365503
https://doi.org/10.1161/01.STR.0000091269.67384.E7
https://doi.org/10.1016/S0166-2236(99)01401-0
https://doi.org/10.1016/S1474-4422(16)30357-X
https://doi.org/10.1007/s00401-012-1076-3
https://doi.org/10.4049/jimmunol.1400054
https://doi.org/10.1016/j.expneurol.2014.09.017
https://doi.org/10.1038/sj.bjp.0707654.
https://doi.org/10.1016/j.expneurol.2017.08.016
https://doi.org/10.1161/STROKEAHA.110.598441
https://doi.org/10.1161/JAHA.112.002584
https://doi.org/10.3389/fneur.2015.00081
https://doi.org/10.4049/jimmunol.1400918
https://doi.org/10.1161/STROKEAHA.116.015956
https://doi.org/10.1161/STROKEAHA.108.534503
https://doi.org/10.1161/STROKEAHA.114.005836
https://doi.org/10.1016/j.coph.2015.09.009
https://doi.org/10.2147/VHRM.S44349
https://doi.org/10.1016/j.neuropharm.2007.12.007
https://doi.org/10.1016/S0140-6736(16)00163-X
https://doi.org/10.1002/jnr.24101
https://doi.org/10.1161/STROKEAHA.115.010091
https://doi.org/10.1111/j.1749-6632.2012.06668.x
https://doi.org/10.1159/000365171
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Amantea et al. Neuroimmunomodulation in Stroke

Howells, D. W., Sena, E. S., and MacLeod, M. R. (2014). Bringing

rigour to translational medicine. Nat. Rev. Neurol. 10, 37–43.

doi: 10.1038/nrneurol.2013.232

Hu, H. J., and Song, M. (2017). Disrupted ionic homeostasis in ischemic

stroke and new therapeutic targets. J. Stroke Cerebrovasc. Dis. 26, 2706–2719.

doi: 10.1016/j.jstrokecerebrovasdis.2017.09.011

Hu, X., Li, P., Guo, Y., Wang, H., Leak, R. K., Chen, S., et al. (2012).

Microglia/macrophage polarization dynamics reveal novel mechanism of

injury expansion after focal cerebral ischemia. Stroke 43, 3063–3070.

doi: 10.1161/STROKEAHA.112.659656

Iadecola, C. (2017). The neurovascular unit coming of age: a journey

through neurovascular coupling in health and disease. Neuron 96, 17–42.

doi: 10.1016/j.neuron.2017.07.030

Jickling, G. C., Liu, D., Ander, B. P., Stamova, B., Zhan, X., and Sharp, F.

R. (2015). Targeting neutrophils in ischemic stroke: translational insights

from experimental studies. J. Cereb. Blood Flow Metab. 35, 888–901.

doi: 10.1038/jcbfm.2015.45

Jin, Q., Cheng, J., Liu, Y., Wu, J., Wang, X., Wei, S., et al. (2014). Improvement

of functional recovery by chronic metformin treatment is associated with

enhanced alternative activation of microglia/macrophages and increased

angiogenesis and neurogenesis following experimental stroke. Brain. Behav.

Immun. 40, 131–142. doi: 10.1016/j.bbi.2014.03.003

Kaito, M., Araya, S., Gondo, Y., Fujita, M., Minato, N., Nakanishi, M., et al. (2013).

Relevance of distinct monocyte subsets to clinical course of ischemic stroke

patients. PLoS ONE 8:e69409. doi: 10.1371/journal.pone.0069409

Kim, B.M. (2017). Causes and solutions of endovascular treatment failure. J. Stroke

19, 131–142. doi: 10.5853/jos.2017.00283

Klehmet, J., Braun, J., Harms, H., Meisel, C., Ziemssen, T., and Stroke

Therapy Academic Industry Roundtable (STAIR) (1999). Recommendations

for standards regarding preclinical neuroprotective and restorative drug

development. Stroke 30, 2752–2758. doi: 10.1161/01.STR.30.12.2752

Kohno, K., Hoehn-Berlage, M., Mies, G., Back, T., and Hossmann, K. A. (1995).

Relationship between diffusion-weighted MR images, cerebral blood flow, and

energy state in experimental brain infarction.Magn. Reson. Imaging 13, 73–80.

doi: 10.1016/0730-725X(94)00080-M

Kronenberg, G., Uhlemann, R., Richter, N., Klempin, F., Wegner, S., Staerck,

L., et al. (2017). Distinguishing features of microglia- and monocyte-

derived macrophages after stroke. Acta Neuropathol. 135, 551–568.

doi: 10.1007/s00401-017-1795-6

Langhauser, F., Kraft, P., Gob, E., Leinweber, J., Schuhmann, M. K., Lorenz,

K., et al. (2014). Blocking of 4 integrin does not protect from acute

ischemic stroke in mice. Stroke 45, 1799–1806. doi: 10.1161/STROKEAHA.114.

005000

Lee, H. B., Kim, Y., Yoo, H., Lee, J. M., Kim, Y. K., Kim, N. K.,

et al. (2014). Blood genomic profiling in extracranial- and intracranial

atherosclerosis in ischemic stroke patients. Thromb. Res. 134, 686–692.

doi: 10.1016/j.thromres.2014.06.025

Lee, J. H., Wei, Z. Z., Cao, W., Won, S., Gu, X., Winter, M., et al. (2016). Regulation

of therapeutic hypothermia on inflammatory cytokines, microglia polarization,

migration and functional recovery after ischemic stroke inmice.Neurobiol. Dis.

96, 248–260. doi: 10.1016/j.nbd.2016.09.013

Li, F., Faustino, J., Woo, M. S., Derugin, N., and Vexler, Z. S. (2015). Lack of the

scavenger receptor CD36 alters microglial phenotypes after neonatal stroke. J.

Neurochem. 135, 445–452. doi: 10.1111/jnc.13239

Li, T., Pang, S., Yu, Y., Wu, X., Guo, J., and Zhang, S. (2013). Proliferation

of parenchymal microglia is the main source of microgliosis after ischaemic

stroke. Brain 136, 3578–3588. doi: 10.1093/brain/awt287

Liao, T. V., Forehand, C. C., Hess, D. C., and Fagan, S. C. (2013). Minocycline

repurposing in critical illness: focus on stroke. Curr. Top. Med. Chem. 13,

2283–2290. doi: 10.2174/15680266113136660160

Liu, Z., and Chopp, M. (2016). Astrocytes, therapeutic targets for neuroprotection

and neurorestoration in ischemic stroke. Prog. Neurobiol. 144, 103–120.

doi: 10.1016/j.pneurobio.2015.09.008

Llovera, G., Hofmann, K., Roth, S., Salas-Pérdomo, A., Ferrer-Ferrer, M., Perego,

C., et al. (2015). Results of a preclinical randomized controlled multicenter

trial (pRCT): anti-CD49d treatment for acute brain ischemia. Sci. Transl. Med.

7:299ra121. doi: 10.1126/scitranslmed.aaa9853

Lo, E. H., and Ning, M. (2016). Mechanisms and challenges in translational stroke

research. J. Investig. Med. 64, 827–829. doi: 10.1136/jim-2016-000104

Maestrini, I., Strbian, D., Gautier, S., Haapaniemi, E., Moulin, S., Sairanen,

T., et al. (2015). Higher neutrophil counts before thrombolysis for

cerebral ischemia predict worse outcomes. Neurology 85, 1408–1416.

doi: 10.1212/WNL.0000000000002029

Matsuo, Y., Onodera, H., Shiga, Y., Nakamura, M., Ninomiya, M., Kihara,

T., et al. (1994). Correlation between myeloperoxidase-quantified neutrophil

accumulation and ischemic brain injury in the rat. Eff. Neutrophil. Deplet. Stroke

25, 1469–1475. doi: 10.1161/01.STR.25.7.1469

Miró-Mur, F., Pérez-de-Puig, I., Ferrer-Ferrer, M., Urra, X., Justicia, C., Chamorro,

A., et al. (2015). Immature monocytes recruited to the ischemic mouse brain

differentiate into macrophages with features of alternative activation. Brain.

Behav. Immun. 53, 18–33. doi: 10.1016/j.bbi.2015.08.010

Miró-Mur, F., Urra, X., Gallizioli, M., Chamorro, A., and Planas, A. M.

(2016). Antigen presentation after stroke. Neurotherapeutics 13, 719–728.

doi: 10.1007/s13311-016-0469-8

Moeller, J. B., Nielsen, M. J., Reichhardt, M. P., Schlosser, A., Sorensen, G. L.,

Nielsen, O., et al. (2012). CD163-L1 is an endocytic macrophage protein

strongly regulated by mediators in the inflammatory response. J. Immunol. 188,

2399–2409. doi: 10.4049/jimmunol.1103150

Moskowitz, M. A., Lo, E. H., and Iadecola, C. (2010). The science of

stroke: mechanisms in search of treatments. Neuron 67, 181–198.

doi: 10.1016/j.neuron.2010.07.002

Neumann, J., Riek-Burchardt, M., Herz, J., Doeppner, T. R., König, R., Hütten,

H., et al. (2015). Very-late-antigen-4 (VLA-4)-mediated brain invasion by

neutrophils leads to interactions with microglia, increased ischemic injury and

impaired behavior in experimental stroke. Acta Neuropathol. 129, 259–277.

doi: 10.1007/s00401-014-1355-2

Nogueira, R. G., Jadhav, A. P., Haussen, D. C., Bonafe, A., Budzik, R. F., Bhuva, P.,

et al. (2018). Thrombectomy 6 to 24 hours after stroke with amismatch between

deficit and infarct. N. Engl. J. Med. 378, 11–21. doi: 10.1056/NEJMoa1706442

O’Connell, G. C., Tennant, C. S., Lucke-Wold, N., Kabbani, Y., Tarabishy, A. R.,

Chantler, P. D., et al. (2017). Monocyte-lymphocyte cross-communication via

soluble CD163 directly links innate immune system activation and adaptive

immune system suppression following ischemic stroke. Sci. Rep. 7:12940.

doi: 10.1038/s41598-017-13291-6

Oh, S. H., Kim, O. J., Shin, D. A., Song, J., Yoo, H., Kim, Y. K., et al. (2012).

Alteration of immunologic responses on peripheral blood in the acute phase of

ischemic stroke: blood genomic profiling study. J. Neuroimmunol. 249, 60–65.

doi: 10.1016/j.jneuroim.2012.04.005

Perego, C., Fumagalli, S., and De Simoni, M. G. (2011). Temporal pattern of

expression and colocalization of microglia/macrophage phenotype markers

following brain ischemic injury in mice. J. Neuroinflammation 8:174.

doi: 10.1186/1742-2094-8-174

Perez-de-Puig, I., Miró-Mur, F., Ferrer-Ferrer, M., Gelpi, E., Pedragosa,

J., Justicia, C., et al. (2015). Neutrophil recruitment to the brain in

mouse and human ischemic stroke. Acta Neuropathol. 129, 239–257.

doi: 10.1007/s00401-014-1381-0

Petrone, A. B., O’Connell, G. C., Regier, M. D., Chantler, P. D., Simpkins,

J. W., and Barr, T. L. (2016). The role of arginase 1 in post-stroke

immunosuppression and ischemic stroke severity. Transl. Stroke Res. 7,

103–110. doi: 10.1007/s12975-015-0431-9

Ritzel, R. M., Patel, A. R., Grenier, J. M., Crapser, J., Verma, R., Jellison, E. R., et al.

(2015). Functional differences between microglia and monocytes after ischemic

stroke. J. Neuroinflammation 12:106. doi: 10.1186/s12974-015-0329-1

Rodrigues, F. B., Neves, J. B., Caldeira, D., Ferro, J. M., Ferreira, J. J., and Costa, J.

(2016). Endovascular treatment versus medical care alone for ischaemic stroke:

systematic review and meta-analysis. BMJ 353:i1754. doi: 10.1136/bmj.i1754

Rothman, S. M., and Olney, J. W. (1986). Glutamate and the pathophysiology

of hypoxic-ischemic brain damage. Ann. Neurol. 19, 105–111.

doi: 10.1002/ana.410190202

Ruhnau, J., Schulze, J., Dressel, A., and Vogelgesang, A. (2017). Thrombosis,

neuroinflammation, and poststroke infection: the multifaceted role of

neutrophils in stroke. J. Immunol. Res. 2017, 1–7. doi: 10.1155/2017/5140679

Sandercock, P. A. G., and Ricci, S. (2017). Controversies in thrombolysis. Curr.

Neurol. Neurosci. Rep. 17:60. doi: 10.1007/s11910-017-0767-5

Frontiers in Neuroscience | www.frontiersin.org 7 April 2018 | Volume 12 | Article 241

https://doi.org/10.1038/nrneurol.2013.232
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.09.011
https://doi.org/10.1161/STROKEAHA.112.659656
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1038/jcbfm.2015.45
https://doi.org/10.1016/j.bbi.2014.03.003
https://doi.org/10.1371/journal.pone.0069409
https://doi.org/10.5853/jos.2017.00283
https://doi.org/10.1161/01.STR.30.12.2752
https://doi.org/10.1016/0730-725X(94)00080-M
https://doi.org/10.1007/s00401-017-1795-6
https://doi.org/10.1161/STROKEAHA.114.005000
https://doi.org/10.1016/j.thromres.2014.06.025
https://doi.org/10.1016/j.nbd.2016.09.013
https://doi.org/10.1111/jnc.13239
https://doi.org/10.1093/brain/awt287
https://doi.org/10.2174/15680266113136660160
https://doi.org/10.1016/j.pneurobio.2015.09.008
https://doi.org/10.1126/scitranslmed.aaa9853
https://doi.org/10.1136/jim-2016-000104
https://doi.org/10.1212/WNL.0000000000002029
https://doi.org/10.1161/01.STR.25.7.1469
https://doi.org/10.1016/j.bbi.2015.08.010
https://doi.org/10.1007/s13311-016-0469-8
https://doi.org/10.4049/jimmunol.1103150
https://doi.org/10.1016/j.neuron.2010.07.002
https://doi.org/10.1007/s00401-014-1355-2
https://doi.org/10.1056/NEJMoa1706442
https://doi.org/10.1038/s41598-017-13291-6
https://doi.org/10.1016/j.jneuroim.2012.04.005
https://doi.org/10.1186/1742-2094-8-174
https://doi.org/10.1007/s00401-014-1381-0
https://doi.org/10.1007/s12975-015-0431-9
https://doi.org/10.1186/s12974-015-0329-1
https://doi.org/10.1136/bmj.i1754
https://doi.org/10.1002/ana.410190202
https://doi.org/10.1155/2017/5140679
https://doi.org/10.1007/s11910-017-0767-5
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Amantea et al. Neuroimmunomodulation in Stroke

Sandu, R. E., Buga, A. M., Balseanu, A. T., Moldovan, M., and Popa-Wagner, A.

(2016). Twenty-four hours hypothermia has temporary efficacy in reducing

brain infarction and inflammation in aged rats. Neurobiol. Aging 38, 127–140.

doi: 10.1016/j.neurobiolaging.2015.11.006

Saver, J. L., Goyal, M., Bonafe, A., Diener, H.-C., Levy, E. I., Pereira, V. M., et al.

(2015). Stent-Retriever thrombectomy after intravenous t-PA vs. t-PA alone in

stroke. N. Engl. J. Med. 372, 2285–2295. doi: 10.1056/NEJMoa1415061

Schilling, M., Besselmann, M., Müller, M., Strecker, J. K., Ringelstein, E. B., and

Kiefer, R. (2005). Predominant phagocytic activity of resident microglia over

hematogenous macrophages following transient focal cerebral ischemia: an

investigation using green fluorescent protein transgenic bone marrow chimeric

mice. Exp. Neurol. 196, 290–297. doi: 10.1016/j.expneurol.2005.08.004

Schmidt, A., Strecker, J. K., Hucke, S., Bruckmann, N. M., Herold, M.,

Mack, M., et al. (2017). Targeting different monocyte/macrophage subsets

has no impact on outcome in experimental stroke. Stroke 48, 1061–1069.

doi: 10.1161/STROKEAHA.116.015577

Shibata, M., and Suzuki, N. (2017). Exploring the role of microglia in cortical

spreading depression in neurological disease. J. Cereb. Blood Flow Metab. 37,

1182–1191. doi: 10.1177/0271678X17690537

Shireman, T. I., Wang, K., Saver, J. L., Goyal, M., Bonafé, A., Diener, H. C., et al.

(2017). Cost-Effectiveness of solitaire stent retriever thrombectomy for acute

ischemic stroke. Stroke 48, 379–387. doi: 10.1161/STROKEAHA.116.014735

Suh, B., Shin, D. W., Kwon, H. M., Yun, J. M., Yang, H. K., Ahn, E., et al. (2017).

Elevated neutrophil to lymphocyte ratio and ischemic stroke risk in generally

healthy adults. PLoS ONE 12:e0183706. doi: 10.1371/journal.pone.0183706

Tatlisumak, T. (2017). Can natalizumab be beneficial in acute ischaemic stroke?

Lancet Neurol. 16, 176–177. doi: 10.1016/S1474-4422(16)30383-0

Urra, X., Cervera, A., Obach, V., Climent, N., Planas, A. M., and Chamorro, A.

(2009). Monocytes are major players in the prognosis and risk of infection after

acute stroke. Stroke 40, 1262–1268. doi: 10.1161/STROKEAHA.108.532085

Urra, X., Miró, F., Chamorro, A., and Planas, A. M. (2014). Antigen-

specific immune reactions to ischemic stroke. Front. Cell. Neurosci. 8:278.

doi: 10.3389/fncel.2014.00278

Veltkamp, R., and Gill, D. (2016). Clinical trials of immunomodulation in ischemic

stroke. Neurotherapeutics 13, 791–800. doi: 10.1007/s13311-016-0458-y

von Kummer, R., and Dzialowski, I. (2017). Imaging of cerebral

ischemic edema and neuronal death. Neuroradiology 59, 545–553.

doi: 10.1007/s00234-017-1847-6

Wang, P., Shao, B.-Z., Deng, Z., Chen, S., Yue, Z., and Miao,

C.-Y. (2018). Autophagy in ischemic stroke. Prog. Neurobiol.

doi: 10.1016/j.pneurobio.2018.01.001. [Epub ahead of print].

Wattananit, S., Tornero, D., Graubardt, N., Memanishvili, T., Monni, E.,

Tatarishvili, J., et al. (2016). Monocyte-derived macrophages contribute to

spontaneous long-term functional recovery after stroke in mice. J. Neurosci. 36,

4182–4195. doi: 10.1523/JNEUROSCI.4317-15.2016

Xue, J., Huang, W., Chen, X., Li, Q., Cai, Z., Yu, T., et al. (2017). Neutrophil-

to-lymphocyte ratio is a prognostic marker in acute ischemic stroke. J.

Stroke Cerebrovasc. Dis. 26, 650–657. doi: 10.1016/j.jstrokecerebrovasdis.2016.

11.010

Yang, Q. W., Li, J. C., Lu, F. L., Wen, A. Q., Xiang, J., Zhang, L. L., et al. (2008).

Upregulated expression of toll-like receptor 4 in monocytes correlates with

severity of acute cerebral infarction. J. Cereb. Blood FlowMetab. 28, 1588–1596.

doi: 10.1038/jcbfm.2008.50

Yang, Y., Salayandia, V. M., Thompson, J. F., Yang, L. Y., Estrada, E. Y.,

and Yang, Y. (2015). Attenuation of acute stroke injury in rat brain

by minocycline promotes blood-brain barrier remodeling and alternative

microglia/macrophage activation during recovery. J. Neuroinflammation 12:26.

doi: 10.1186/s12974-015-0245-4

Yuan, J., and Yankner, B. A. (2000). Apoptosis in the nervous system. Nature 407,

802–809. doi: 10.1038/35037739

Zhao, X., Wang, H., Sun, G., Zhang, J., Edwards, N. J., and Aronowski,

J. (2015). Neuronal interleukin-4 as a modulator of microglial

pathways and ischemic brain damage. J. Neurosci. 35, 11281–11291.

doi: 10.1523/JNEUROSCI.1685-15.2015

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Amantea, Greco, Micieli and Bagetta. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neuroscience | www.frontiersin.org 8 April 2018 | Volume 12 | Article 241

https://doi.org/10.1016/j.neurobiolaging.2015.11.006
https://doi.org/10.1056/NEJMoa1415061
https://doi.org/10.1016/j.expneurol.2005.08.004
https://doi.org/10.1161/STROKEAHA.116.015577
https://doi.org/10.1177/0271678X17690537
https://doi.org/10.1161/STROKEAHA.116.014735
https://doi.org/10.1371/journal.pone.0183706
https://doi.org/10.1016/S1474-4422(16)30383-0
https://doi.org/10.1161/STROKEAHA.108.532085
https://doi.org/10.3389/fncel.2014.00278
https://doi.org/10.1007/s13311-016-0458-y
https://doi.org/10.1007/s00234-017-1847-6
https://doi.org/10.1016/j.pneurobio.2018.01.001
https://doi.org/10.1523/JNEUROSCI.4317-15.2016
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.11.010
https://doi.org/10.1038/jcbfm.2008.50
https://doi.org/10.1186/s12974-015-0245-4
https://doi.org/10.1038/35037739
https://doi.org/10.1523/JNEUROSCI.1685-15.2015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Paradigm Shift to Neuroimmunomodulation for Translational Neuroprotection in Stroke
	Introduction
	From Neuroprotection to Immunomodulation
	The Involvement of the Immune System
	Evolution of Innate and Adaptive Immune Responses
	Conclusions
	Author Contributions
	Funding
	References


