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Abstract

Cerebral hemorrhages account for 15–20% of stroke sub-types and have very poor prognoses. The 

mortality rate for cerebral hemorrhage patients is between 40–50%, of which at least half of the 

deaths occur within the first two days, and 75% of survivors are incapable of living independently 

after one year. Current emergency interventions involve lowering blood pressure and reducing 

intracranial pressure by controlled ventilations or, in the worst case scenarios, surgical 

intervention. Some hemostatic and coagulatherapeutic interventions are being investigated, 

although a few that were promising in experimental studies have failed in clinical trials. No 

significant immunomodulatory intervention, however, exists for clinical management of cerebral 

hemorrhage. The inflammatory response following cerebral hemorrhage is particularly harmful in 

the acute stage because blood-brain barrier disruption is amplified and surrounding tissue is 

destroyed by secreted proteases and reactive oxygen species from infiltrated leukocytes. In this 

review, we discuss both the destructive and regenerative roles the immune response play 

following cerebral hemorrhage and focus on microglia, macrophages, and T-lymphocytes as the 

primary agents directing the response. Microglia, macrophages, and T-lymphocytes each have 

sub-types that significantly influence the over-arching immune response towards either a pro-

inflammatory, destructive, or an anti-inflammatory, regenerative, state. Both pre-clinical and 

clinical studies of cerebral hemorrhages that selectively target these immune cells are reviewed 

and we suggest immunomodulatory therapies that reduce inflammation, while augmenting neural 

repair, will improve overall cerebral hemorrhage outcomes.
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Cerebral Hemorrhage Pathophysiology

Incidence, Outcomes, and Clinical Management

Cerebral hemorrhage, the rupturing of blood vessels within the brain tissue, accounts for 10–

15% of strokes (Qureshi et al., 2009; Mracsko and Veltkamp, 2014). Occurring in 

approximately 25 per 100,000 people per year, cerebral hemorrhage is the leading cause of 

morbidity and mortality in stroke patients, having a mortality rate between 30–50% with 

nearly 75% of survivors incapable of living independently after one year (van Asch et al., 

2010). Hospital admissions for cerebral hemorrhage cases have increased by 18% over the 

past decade, and admissions are expected to continue rising due to an increasing elderly 

population (Qureshi et al., 2009).

Current clinically approved emergency interventions involve lowering blood pressure 

(Anderson et al., 2008; Morgenstern et al., 2010; Sakamoto et al., 2013) or surgical 

craniotomy (Morgenstern et al., 2010). Hematoma evacuation is also being investigated as a 

potential surgical intervention, but it has yet to yield positive results (Morgenstern et al., 

1998; Mendelow et al., 2005; Miller et al., 2008; Wang et al., 2009; Mendelow et al., 2013). 

Hemostatic therapies have also been investigated in clinical trials, such as recombinant 

factor VII, but despite showing promise in experimental studies, none have been clinically 

approved (Mayer et al., 2006; Mayer et al., 2008; Diringer et al., 2010). Unfortunately, 

cerebral hemorrhage is the least treatable stroke subtype, with minimal advancements being 

made in clinical management, despite its increasing prevalence (Kreitzer and Adeoye, 

2013).

Primary Brain Injury

Most investigative therapeutic approaches for cerebral hemorrhage focus on ameliorating 

primary brain injury, which is caused by the mechanical pressure on brain tissue due to the 

hematoma mass effect, and the potential hematoma expansion (Xi et al., 2006; Keep et al., 

2012; Mracsko and Veltkamp, 2014). Mechanical pressure applied to glia and neurons cause 

calcium influx and secretion of excitotoxic neurotransmitters, resulting in consequent 

cytotoxic edema and necrosis (Keep et al., 2005; Xi et al., 2006). Indeed, hematoma volume 

and subsequent hematoma expansion, which occurs in approximately 30% of clinical 

cerebral hemorrhage cases, are currently the best prognostic indicators (Davis et al., 2006; 

Dowlatshahi et al., 2011; Brouwers and Greenberg, 2013). Brain edema, caused by both 

primary and secondary brain injury mechanisms, is increasingly accepted as a valuable 

prognostic indicator (Thiex and Tsirka, 2007; Staykov et al., 2011).

Secondary Brain Injury

Mechanisms for secondary brain injury after cerebral hemorrhage have garnered increased 

research interests over the past decade. Secondary brain injury results from blood 

components entering the brain tissue as well as injured brain cells that trigger multiple 

deleterious mechanisms and subsequently augment oxidative stress, inflammatory pathways, 

blood-brain barrier disruption, and vasogenic edema (Aronowski and Zhao, 2011; Belur et 

al., 2013). Coagulation cascade activation increases thrombin formation, which stimulates 

the complement pathway as well as protease-activated receptors (PARs) (Hua et al., 2007; 
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Babu et al., 2012). PAR stimulation after hemorrhage, particularly PAR-1 activation in 

neurons, leads to increased NMDA receptor potentiation and consequent activation of 

excitotoxicity, apoptosis, and pro-inflammatory pathways (Babu et al., 2012). PAR-1 has 

also been implicated in playing an important role in thrombin-induced cerebral 

hemorrhaging (Cheng et al., 2014). Complement activation after cerebral hemorrhage leads 

to membranous pore formation, called membrane attack complexes, in neurons and red 

blood cells, causing cytotoxicity and cell lysis (Hua et al., 2000; Ducruet et al., 2009).

Red blood cell lysis releases hemoglobin, which is metabolized by heme oxygenase 1 to 

release iron and heme, into the surrounding tissue (Wu et al., 2006). Heme and iron are 

critical constituents in redox reactions that produce injurious free radicals and increase 

oxidative stress, causing significant tissue injury, DNA damage, blood-brain barrier 

disruption, and inflammation (Wu et al., 2006; Xi et al., 2006; Babu et al., 2012; Xiong et 

al., 2014). Administering Deferoxamine, an iron chelator, resulted in improved 

neurofunctional outcomes following experimental cerebral hemorrhage and reduced 

hydrocephalus development in other brain injury models (Nakamura et al., 2004; Klebe et 

al., 2014; Zhao et al., 2014a). Indeed, post-hemorrhagic hydrocephalus is a common 

consequence of intracerebral hemorrhage as well, and iron has been implicated as a 

causative factor (Chen et al., 2014; Gao et al., 2014a; Meng et al., 2014).

Inflammation is a key component of secondary brain injury following cerebral hemorrhage 

(Wang, 2010; Mracsko and Veltkamp, 2014; Zhou et al., 2014; Chen et al., 2015). An 

inflammatory response ensues immediately after blood enters the brain tissue via activation 

of resident immune cells and subsequent infiltration of peripheral leukocytes, leading to 

secretion of pro-inflammatory mediators, extracellular proteases, and reactive oxygen 

species that further damage brain tissue and disrupt the blood-brain barrier (Aronowski and 

Hall, 2005; Wang and Dore, 2007). Immune cells, particularly pro-inflammatory 

macrophages, also play an important role in cerebral aneurysm formation, a primary cause 

for cerebral hemorrhage (Hosaka and Hoh, 2014; Starke et al., 2014). Some evidence, 

however, suggests inflammation may play an important role in repair and recovery 

following central nervous system injury (Correale and Villa, 2004; Hohlfeld et al., 2006; 

McCombe and Read, 2008; Wee Yong, 2010). The potential neuroprotective branch in 

inflammation may be therapeutically exploited following cerebral hemorrhage to promote 

hematoma resolution as well as tissue repair and regeneration.

Review Scope

In this review, we will discuss microglia, macrophage, and T-helper lymphocyte 

immunology following cerebral hemorrhagic insult, the roles which the subtypes for each 

play in neurodegeneration or neuroprotection, as well as possible therapeutic approaches to 

potentially shift the inflammatory response towards a neuroregenerative phenotype. We will 

also discuss evidence from current cerebral hemorrhage research and address gaps in the 

literature that warrant further investigation. Explicating the immune response in its entirety 

following cerebrovascular insult will discern therapeutic immunomodulatory approaches 

that dampen the neurodegenerative inflammatory response in favor for a neuroregenerative 

one, promoting functional recovery and improving overall outcomes. Cerebral hemorrhage 

Klebe et al. Page 3

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathophysiology is very complex and multi-modal approaches are being increasingly 

encouraged, and exploiting immunomodulatory mechanisms may prove beneficial when 

investigating such approaches since inflammation is an important component of secondary 

brain injury (Pandey and Xi, 2014).

Macrophage, Microglia, and T-helper Lymphocyte Characterization

Macrophage and Microglia Subtypes

Macrophages are a type of white blood cell of myeloid lineage found in almost all tissue 

types and play a quintessential role in innate (non-specific) immunity by searching for and 

engulfing potential pathogens (Murray and Wynn, 2011). Microglia are the resident 

macrophages of the central nervous system, and, unfortunately, they are extremely difficult 

to distinguish from infiltrated macrophages following central nervous system injury (Saijo 

and Glass, 2011). Traditionally, macrophages and microglia phagocytose microbes, cellular 

debris, apoptotic cells, cancer cells, and foreign substances. Stimulation of microglia/

macrophage toll-like receptors, nod-like receptors, scavenger receptors, and/or cytokine 

receptors from inflammatory cytokines, pathogens, and blood products will potentiate the 

inflammatory response through further secretion of pro-inflammatory cytokines, such as 

TNF-α and IL-1β, resulting in leukocyte recruitment. Recent immunology research, 

however, discerned macrophages can also dampen the immune response, promoting tissue 

repair and regeneration. Microglia and macrophages have been classified into two 

predominant subtypes modeled similar to the Th1/Th2 paradigm: classically activated or M1 

and alternatively activated or M2 (Murray and Wynn, 2011; Saijo and Glass, 2011). Further 

elucidating the role each subtype plays in cerebral hemorrhage pathophysiology may yield 

potential therapeutic avenues that coax the immune response to create a neural regenerative 

milieu in the peri-hematoma region.

Classically activated M1 macrophages and microglia are primarily responsible for the innate 

immune defense mechanisms, producing a pro-inflammatory response (Murray and Wynn, 

2011; Saijo and Glass, 2011). The M1 phenotype can be induced by lipopolysaccharides, 

interferon-γ, TNF-α, or stimulation of nod-like receptors (NLR) or toll-like receptors (TLR), 

primarily TLR-4 (Martinez et al., 2009; Chen and Nunez, 2010). Very few definitive cell 

surface markers for the M1 subtype have been identified, although CD80 and CD86 are 

widely used. M1 macrophages and microglia also secrete TNF-α, IL-1β, IL-6, IL-12, and 

IL-23 pro-inflammatory cytokines (Martinez and Gordon, 2014; Wang et al., 2014). 

Alternatively, activated M2 macrophages and microglia are primarily responsible for 

mediating wound healing and produce an anti-inflammatory response (Murray and Wynn, 

2011; Saijo and Glass, 2011). The M2 phenotype can be induced by IL-4, IL-10, TGF-β, and 

IL-13 stimulation (Martinez et al., 2009; Martinez and Gordon, 2014; Wang et al., 2014). 

Common cell surface markers attributed to the M2 subtype include CD163 and CD206, and 

M2 macrophages and microglia secrete IL-10 and TGF-β anti-inflammatory cytokines 

(Martinez et al., 2009; Martinez and Gordon, 2014; Wang et al., 2014). Evidence suggests 

macrophages and microglia do not exist as terminally differentiated M1 or M2 states, but 

rather have the ability to switch phenotypes depending upon their microenvironment (Stout 

and Suttles, 2004; Stout et al., 2005; Eggen et al., 2013; Giunti et al., 2014). Table 1 
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contains the macrophage/microglia subtypes, cytokines inducing their activation, common 

markers, secreted cytokines, as well as known mechanisms of action.

The M1/M2 paradigm, however, has limitations. Indeed, M2 microglia are being further 

classified into 3 subsets based on how differentiation is stimulated: M2a is stimulated by 

IL-4 and IL-10; M2b is stimulated by toll-like receptor activation; and M2c is stimulated by 

IL-10, glucocorticoids, and TGF-β (Cherry et al., 2014). M2a and M2c have the typical 

markers and responses attributed to alternatively activated M2, while M2b lacks certain 

markers and has a response similar to M1 (Cherry et al., 2014). Additionally, An increasing 

number of macrophage/microglia subsets in addition to M1/M2 are being classified in other 

diseases and disorders, such as atherosclerosis, multiple sclerosis, and lupus, including M4, 

Mox, Mhem, and M(Hb) (Orme and Mohan, 2012; Bogie et al., 2014; Chinetti-Gbaguidi et 

al., 2015). Furthermore, distinct macrophage/microglia responses have been characterized in 

vitro following stimulation by cytokines and extracellular pathogenic debris as well as in 

vivo following infection, yet the exact roles distinct microglia/macrophage subtypes play in 

most neurological diseases, disorders, and injuries have yet to be well elucidated. M1 and 

M2 may represent two extremes on a large spectrum of macrophage/microglia subsets where 

each subset plays a very critical immunomodulatory role in cerebral hemorrhage 

pathophysiology, and more research is needed to fill these gaps in our knowledge and help 

advance immunotherapeutic approaches.

T-helper Lymphocyte Subtypes

T-helper cells are CD4+ white blood cells of lymphoid origin that develop within the thymus 

which are critical in regulating cell-mediated and adaptive immunity (Luckheeram et al., 

2012). The two predominant paradigms for T-helper cell subtypes, analogous to the M1/M2 

macrophage and microglia paradigm in that the two phenotypes oppose each other, are 

Th1/Th2 and Th17/Treg (Kleinewietfeld and Hafler, 2013; Bretscher, 2014). Macrophages 

and microglia are capable of switching phenotypes according to their microenvironment, 

and some evidence supports T-helper cells switching phenotypes too, particularly between 

Th17 and Treg, although more conclusive evidence is needed (Stout and Suttles, 2004; Stout 

et al., 2005; Xu et al., 2007; Kleinewietfeld and Hafler, 2013).

Th1 cells direct the immune system towards fighting intracellular pathogens by inducing a 

cell-mediated response. Th1 cell differentiation is kindled by IL-12 and interferon-γ 

stimulation, the latter of which Th1 cells secrete to further drive Th1 differentiation. Th2 

cells direct the immune system towards fighting extracellular pathogens by inducing a 

humoral response. Th2 cell differentiation is sparked by IL-4 and IL-2 stimulation, and Th2 

cells secrete IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 (Zhu and Paul, 2008, 2010; 

Luckheeram et al., 2012). Th1 cells are characterized by CCR5, CXCR3, and T-bet markers, 

while Th2 cells are identified by CCR3, CCR4, CRTH2, and GATA3 markers. Th1 and Th2 

both drive their own differentiation while suppressing differentiation into the other through 

their cytokine expressions (Zhu and Paul, 2008, 2010; Luckheeram et al., 2012).

The other T-helper phenotype paradigm relies on the promotion or suppression of 

inflammation. Th17 cells which potentiate inflammation and have been implicated as 

potential sources for many autoimmune diseases differentiate through IL-6, IL-21, IL-23, 
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and TGF-β stimulation. T17 cells, which express CCR6 and RORγt markers, secrete IL-17, 

IL-21, and IL-22 (Stockinger and Veldhoen, 2007; Dong, 2008; Hirota et al., 2010; Peck and 

Mellins, 2010; Dong, 2011). Treg cells which dampen inflammation and mediate immune 

tolerance to self-antigens, differentiate through IL-2 and TGF-β stimulation (Chen et al., 

2003; Mantel and Schmidt-Weber, 2011; Yoshimura and Muto, 2011). Treg cells, 

characterized by CD25 and FOXP3 markers, secrete IL-10 and TGF-β. Evidence suggests 

plasticity between Th17 and Treg cell differentiation, which is highly dependent upon their 

surrounding milieu (Zhou et al., 2009; Kleinewietfeld and Hafler, 2013). Interestingly, 

differentiation of both Th17 and Treg cells can be driven by TGF-β (Li et al., 2007). TGF-β 

at low concentrations and in conjunction with IL-6 or IL-21 will drive Th17 differentiation, 

but TGF-β at high concentrations and in conjunction with IL-10 will drive Treg 

differentiation (Chen et al., 2003; Mantel and Schmidt-Weber, 2011; Yoshimura and Muto, 

2011). Table 1 contains the T-helper lymphocyte subtypes, cytokines inducing their 

activation, common markers, secreted cytokines, as well as known mechanisms of action.

Macrophage/Microglia and T-helper Lymphocyte Communication

T-helper lymphocytes, macrophages, and microglia are capable of influencing each other’s 

differentiation as well as phenotype switching (Murray and Wynn, 2011; Saijo and Glass, 

2011; Luckheeram et al., 2012). M1 macrophages secrete TNF-α, IL-6, IL-12, and IL23 

(Murray and Wynn, 2011; Saijo and Glass, 2011), which recruits and induces differentiation 

of both Th1 and Th17 cells. In turn, Th1 cells secrete interferon-γ while Th17 cells secrete 

IL-17, which further augments M1 macrophage polarization and potentiates the 

inflammatory response (Fiorentino et al., 1991; Denning et al., 2007; Martinez et al., 2008; 

Savage et al., 2008; Biswas and Mantovani, 2010). M1 macrophage and Th1 / Th17 cross-

talk acts as a positive feed-back loop that further drives their own differentiation and create a 

highly inflamed microenvironment. Analogously, M2 macrophages secrete IL-4, IL-10, and 

TGF-β (Martinez et al., 2008; Murray and Wynn, 2011; Saijo and Glass, 2011), which 

recruits and induces differentiation of both Th2 and Treg cells. In turn, Th2 cells secrete 

IL-4 and IL-10 while Tregs secrete IL-10 and TGF-β, which further drives M2 polarization, 

dampening inflammation and promoting tissue repair (Denning et al., 2007; Martinez et al., 

2008; Savage et al., 2008; Biswas and Mantovani, 2010). Disproportion between 

macrophage/microglia and T-helper cells, in which either the M1/Th1/Th17 or M2/Th2/Treg 

branches are overexpressed, intensify many disorders, including allergies, asthma, cancer, 

autoimmune diseases, atherosclerosis, and fibrosis. Consequently, many therapeutic 

approaches have been developed to exploit the cross-talk between macrophages/microglia 

and T-helper cells, restoring homeostasis between pro-inflammatory and regenerative 

signaling in those aforementioned disorders (Murray and Wynn, 2011; Saijo and Glass, 

2011; Luckheeram et al., 2012).

Inflammation after Cerebral Hemorrhage

Role of Macrophages and Microglia

Explicating the inflammatory component of cerebral hemorrhage pathophysiology and 

discerning the immune cells involved, particularly the distinct macrophage/microglia and T-

helper cell subsets, could lead to novel therapeutic approaches in which the peri-hematoma 
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milieu is switched from a pro-inflammatory microenvironment to a neuroregenerative one. 

Macrophages, microglia, and T-helper cell subsets are ideal targets because of the cross-talk 

and capability of potentiating either the damaging branch of inflammation via M1/Th1/Th17 

or the repair/regenerative branch via M2/Th2/Treg (Murray and Wynn, 2011; Saijo and 

Glass, 2011; Luckheeram et al., 2012). The M1/Th1/Th17 branch creates an oxidative, 

caustic microenvironment to destroy pathogens, but cerebral hemorrhage is a brain injury of 

endogenous origin, thus attenuating this branch in favor of the M2/Th2/Treg branch may be 

beneficial (Chen and Nunez, 2010). Macrophages and microglia are of particular interest 

since they are the first to be activated following hemorrhage and are quintessential drivers of 

the immune response (Mracsko and Veltkamp, 2014; Zhou et al., 2014). Furthermore, 

microglia and macrophages have great plasticity and aptly switch phenotypes between M1 

and M2 in response to the pathophysiology of their microenvironment.

Activated microglia become present within 1–4 hours after cerebral hemorrhage in rodents, 

peak between 3–7 days, and finally return to basal levels between 3–4 weeks (Wang and 

Dore, 2007; Zhou et al., 2014). Following microglia activation, peripheral macrophages also 

infiltrate the injured tissue, although they are extremely difficult to distinguish from 

microglia. Microglia/macrophages also recruit neutrophils within hours of activation, which 

potentiate blood-brain barrier disruption and tissue damage by secreting extracellular 

proteases (Wang and Dore, 2007; Zhao et al., 2014b). While the activated microglia time 

course has been established in these experimental rodent cerebral hemorrhage models, the 

time course of M1 and M2 phenotype expression has yet to be well-defined. Determining 

the ratio of M1/M2 microglia and macrophages could be indicative of the 

pathophysiological milieu, as a high M1/M2 ratio implies a more oxidative, caustic 

inflammatory environment while a low M1/M2 ratio implies a more repair, regenerative 

environment. M2 microglia and macrophages have increased scavenger receptor expression 

levels as well as augmented phagocytic activity compared to their M1 counterparts, 

therefore the M2 phenotype may be important for hematoma resolution after cerebral 

hemorrhage (Cherry et al., 2014). Indeed, hematoma volume peaks 72 hours after 

experimental cerebral hemorrhage, remains relatively elevated from 3–7 days, and is finally 

resolved between 2–4 weeks (Zhao et al., 2009). Coincidentally, this correlates with the time 

course of activated microglia number, thus elucidating the time course of the M1/M2 ratio 

following cerebral hemorrhage may yield more information on the neuroprotective role 

microglia and macrophage subtypes play, as it is expected the M1/M2 ratio will rise and fall 

with hematoma volume, implying M2 microglia and macrophages are important for 

hematoma resolution.

A thoroughly investigated therapy involves enhancing hematoma resolution by peroxisome 

proliferator receptor gamma (PPARγ) stimulation. PPARγ stimulation enhances hematoma 

resolution, reduces oxidative stress, ameliorates damaging inflammation, decreases brain 

edema, and improves functional outcomes starting at 24 hours after cerebral hemorrhage in 

experimental rodent models (Zhao et al., 2007; Zhao et al., 2009). Furthermore, 

Pioglitazone, a PPARγ agonist, is being investigated in a clinical trial for enhancing 

hematoma resolution after cerebral hemorrhage. PPARγ stimulation upregulates the red 

blood cell scavenger receptor CD36, consequently enhancing red blood cell phagocytosis in 
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vitro and in vivo (Zhao et al., 2007). Furthermore, the change in the M1/M2 ratio induced by 

PPARγ stimulation has not been investigated. However, other studies indicate that PPARγ 

stimulation polarizes microglia and macrophages towards the M2 phenotype (Pisanu et al., 

2014). Thus the neuroprotective effect from PPARγ treatment may include polarizing 

microglia and macrophages towards the M2 phenotype, reducing the M1/M2 ratio, and 

creating a regenerative peri-hematoma milieu that promotes tissue repair and hematoma 

resolution.

After cerebral vessel rupture, damage-associated molecular patterns, molecules capable of 

initiating and perpetuating a non-infectious inflammatory response following injury, 

stimulate the TLRs and NLRs of microglia, inducing microglia activation (Fang et al., 

2013). TLR-4 stimulation by damage-associated molecular patterns, in addition to 

hemoglobin degradation products, induces M1 differentiation in macrophages and microglia. 

In a rodent model of cerebral hemorrhage, TLR-4 knockout mice had decreased microglia 

activation and macrophage infiltration at 72 hours post ictus (Fang et al., 2013). Additional 

studies established that TLR-4 blockade also ameliorates neurological deficits and brain 

edema after experimental cerebral hemorrhage (Fang et al., 2013). While TLR-4 stimulation 

following cerebral hemorrhage activates microglia and induces an M1-like phenotype, the 

effect on the M2 phenotype is unknown.

Rather than reduce the M1/M2 phenotype ratio, some studies have aimed at inhibiting 

microglia activation altogether. Experimental cerebral hemorrhage studies in rodents found 

that microglia inhibitor factor ameliorates brain injury and improves functional outcomes, 

which was correlated with overall reduced microglia activation (Wang and Dore, 2007; 

Zhou et al., 2014). One such microglia activation inhibitor is minocycline. Nervous system 

injury studies discerned minocycline treatment inhibits M1 microglia and macrophage 

polarization without affecting M2 polarization. While preclinical studies have reported that 

minocycline attenuates brain injury and improves functional outcomes, one study challenges 

minocycline’s overall therapeutic potential (Wang and Dore, 2007; Zhou et al., 2014). 

Indeed, the authors of a study which determined that minocycline is neuroprotective also 

argued that long-term microglia inhibition may not be beneficial because of the role 

microglia play in tissue repair, suggesting that M2 microglia and macrophages may play a 

long-term neuroprotective role. This concept may provide an explanation for the results 

acquired in the negative minocycline cerebral hemorrhage study. Despite seemingly 

contradictory studies, minocycline is currently being evaluated in clinical trials for cerebral 

hemorrhage.

Evidence provided by other brain injury preclinical models suggests manipulating M1/M2 

polarization by decreasing the M1 phenotype and/or by increasing the M2 phenotype has 

beneficial outcomes. Although microglia and macrophages are known to play a very 

important role in potentiating secondary brain injury after cerebral hemorrhage, since 

several studies also suggest they are important for functional recovery, little is known about 

the roles individual microglia subtypes play. Discerning the exact microglia and macrophage 

subtypes involved in cerebral hemorrhage pathophysiology, as well as their time course of 

action following injury, may yield novel, effective therapeutic approaches, since decreasing 

Klebe et al. Page 8

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the M1/M2 ratio by either reducing the M1 pro-inflammatory phenotype and/or increasing 

the M2 regenerative phenotype may improve overall outcomes.

Role of T-Helper Lymphocytes

Although cerebral hemorrhage is a brain injury of endogenous origin, and mounting an 

antigen specific adaptive immune response may take nearly one week to occur, increasing 

evidence suggests that CD4+ T-helper lymphocytes play an important role in secondary 

brain injury. Clinical evidence shows the presence of T-helper lymphocytes within the peri-

hematoma region of patients with cerebral hemorrhage (Guo et al., 2006). Pre-clinical rodent 

cerebral hemorrhage models indicate T-helper lymphocyte infiltration is delayed, 

commencing between 2–4 days post-ictus, yet some studies have reported T-helper 

lymphocyte infiltration occurs within one day post-ictus, peaking at 5 days post-ictus, before 

subsiding (Mracsko et al., 2014). Intuitively, this suggests T-helper cells, which heavily 

influence the surrounding milieu of injured tissue, direct the delayed immune response of 

cerebral hemorrhage, at least in part, by encouraging either a highly inflammatory, oxidative 

microenvironment or a regenerative and repair microenvironment, although preclinical 

evidence for the exact role of T-helper subtypes is lacking.

Fingolimod, a sphingosine-1 phosphate inhibitor, downregulates sphingosine-1 phosphate 

receptors in T-helper lymphocytes to reduce their egress from lymphoid tissue and 

subsequent infiltration into injured tissue. In a rodent model of cerebral hemorrhage, 

fingolimod reduced brain edema and improved neurofunctional outcomes 24 and 72 hours 

post-ictus, which was associated with reduced T-helper lymphocyte egress in the blood, 

decreased T-helper lymphocyte infiltration into the brain, and decreased IL-17 secretion (a 

pro-inflammatory cytokine typically secreted by Th17 cells (Rolland et al., 2011; Rolland et 

al., 2013). Fingolimod, however, is known to upregulate peripheral regulatory T cells with 

some evidence suggesting it decreases circulating Th17 cells in clinical and preclinical 

multiple sclerosis studies. Thus, Fingolimod’s neuroprotective effects in cerebral 

hemorrhage may partially be explained by shifting the predominant T-helper cell response 

from the inflammatory Th17 subtype to the regenerative Treg phenotype, although this has 

yet to be confirmed. Fingolimod is currently being investigated in clinical trials for cerebral 

hemorrhage (Fu et al., 2014).

Another experimental rodent model of cerebral hemorrhage study investigated adoptive 

transfer of Treg cells, and observed that Treg cells reduced microglia activation and 

improved functional outcomes, however the effects on microglia and macrophage 

polarization were not evaluated (Yang et al., 2014). Furthermore, neural stem cell 

transplantation, previously shown to protect the brain from inflammatory damage, resulted 

in increased peripheral and infiltrated Treg cells, and was associated with increased anti-

inflammatory cytokines (IL-4, IL-10, and TGF-β) and decreased pro-inflammatory 

cytokines (IL-6, interferon-γ) (Gao et al., 2014b). Furthermore, mammalian target of 

rapamycin (mTOR) inhibition following cerebral hemorrhage in rats resulted in improved 

neurofunctional outcomes 24 hours post-ictus which coincided with increased Treg cells, 

IL-10, and TGF-β, as well as reduced interferon-γ in the blood and brain (Lu et al., 2014). 

Unfortunately, investigative studies on the Th1/Th2 paradigm following cerebral 
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hemorrhage are lacking. Yet evidence suggests that inhibiting Th1 proliferation improves 

outcomes while inhibiting Th2 aggravates brain injury during cerebral ischemia (Theodorou 

et al., 2008; Gu et al., 2012).

Conclusion

In this review, we discussed the distinct macrophage and microglia, and T-helper 

lymphocyte subtypes, their known roles in cerebral hemorrhage pathophysiology, and 

current gaps in the literature. Table 2 contains a brief overview of current and past clinical 

trials investigating immunomodulatory therapies, which are sparse and often directly target 

another pathophysiological mechanism with immunomodulation as a secondary effect. 

Although many pharmacological approaches showed promise experimentally, none have 

thus far successfully translated to the clinic (Ayer et al., 2012). Although the discussion of 

the M1 and M2 microglia/macrophage subtypes and the Th1/Th2 and Th17/Treg subtypes is 

not novel, their unknown roles in cerebral hemorrhage pathophysiology warrants further 

investigation as possible therapeutic targets. Our goal is to advance the discussion of 

inflammation and secondary brain injury to involve the distinct immune cell subtypes and 

their probable neurodegenerative or neuroprotective roles and encourage further 

investigation. Indeed, modulating the immune response by shifting the peri-injury milieu 

from a highly oxidative, caustic environment, typically mediated by the M1/Th1/Th17 

subtypes, to a regenerative and repair environment, mediated by the M2/Th2/Treg subtypes, 

is being increasingly encouraged in the cerebral ischemia field (Seifert and Pennypacker, 

2014). Applying the same concept in polarizing towards a regenerative and repair immune 

response following cerebral hemorrhage may yield positive, novel therapeutic approaches, 

and may be more desirable than inhibiting inflammation altogether. Applying a multi-modal 

approach involving immunomodulatory therapies to ameliorate secondary brain injury in 

conjunction with conventional therapies targeting primary brain injury may improve both 

short and long-term outcomes and warrants further investigation.
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