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building up the perivascular (Virchow–Robin) space (Fig. 1). Both 
meningeal compartments have been subjects of considerable interest in 
recent years because they contain some immune cells. Dural lymphatics 
were described structurally 50 years ago4, but their functional relevance 
remained unclear until recently. In laboratory animals, up to 47% of pro-
teins injected into the brain or cerebrospinal fluid (CSF) were found to 
pass through lymph via prolongations of the subarachnoid space along 
cranial and spinal nerves5. Recently, dural lymphatic vessels were found to 
absorb CSF from the subarachnoid space and brain interstitial fluid via the 
glymphatic system. The dural lymphatic vessels then transport the fluid 
into deep cervical lymph nodes via foramina at the base of the skull6, as 
has been suggested before7. Using both lymphatic-cell-reporter mouse 
strains6,8 and dissection of mouse meninges8, conventional lymphatic ves-
sels were found in the dura lining the sinuses and leaving the CNS at the 
base of the skull. Notably, classical immune cells, such as T and B cells and 
fractalkine receptor (CX3CR1)-expressing myeloid cells, were found to be 
present in the nondiseased lymphatic vessels8, suggesting that the men-
ingeal lymphatics may participate in the trafficking of immune cells from 
the meninges during steady state. It is now supposed that the fluid part 
of the CSF drains back into the bloodstream through arachnoid granula-
tions localized along the sinuses, whereas immune cells and proteins in 
CSF may drain primarily through dural lymphatic structures to reach the 
deep cervical lymph nodes. The topography and the structures involved in 
antigen drainage from the CNS, however, are still a matter of controversy9.

The relevance of the dural lymphatics and associated immune cells 
for CNS diseases, such as multiple sclerosis, stroke or neurodegenera-
tive diseases, is still unclear. Furthermore, it is largely unknown what 
damage-induced signals mediate the immune responses that lead to 
CNS autoimmune inflammation.

Physically, the CSF bathes the brain and provides some buoyancy for 
the CNS, as well as a means of transporting cytokines, neurotransmit-
ters and hormones10. CSF flows between the arachnoid and the pia 
maters and is produced as a filtrate of the fenestrated blood vessels in 

Subtle changes in the microenvironment of the CNS either due to local 
alterations (changes of pH, metabolic disturbances or microbleedings, 
among others) or peripheral changes in the blood circulation (bacterial or 
viral infection) or in other organs (impaired function, dysbiosis or inflam-
mation) can have a major impact on CNS function, resulting in changes in 
cognitive function, mood and behavior. Due to its exceptional importance, 
the CNS requires a highly specialized and dynamic system of anatomical 
and functional features to fulfill these vital tasks. Hematopoietic cells play 
important roles in both homeostasis and disease pathogenesis.

Several recent reviews have comprehensively discussed the structural 
basis of immune protection of the CNS1–3. Here we provide an overview 
of the progress in our understanding of the fate and function of clas-
sical immune cells in the CNS during homeostasis and disease. This 
information may help us to develop therapeutic strategies that enhance 
functional recovery after disease and boost normal tasks of the CNS.

CNS immunity during homeostasis
The surface of the adult brain is protected by several layers to ensure its 
structural integrity. The skull is the covering bone structure of the brain 
and has two adherent meningeal layers, the dura and the leptomenin-
ges. The latter consist of the arachnoid mater (called so because of its 
resemblance to spider silk) and the pia mater, and cover the brain and 
the intracerebral vascular system to the depth of the CNS parenchyma, 
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contain collagen-rich stromal cells and arachnoidal epithelial cells but 
virtually no cells of the adaptive immune system13. Accordingly, human 
brain tumors involving the meninges, such as classical meningiomas, 
xanthoastrocytomas and fibrous collagenous tumors, almost always 
lack T and B cells in neoplastic lesions14. In fact, under homeostatic 
conditions, both human and mouse brain parenchymas are devoid of 
any lymphocytes, whereas only single lymphocytes are present in the 
leptomeninges15. Given this neuropathological evidence, reports on 
the contribution of T cells in neurogenesis and cognitive function in 
mice are unexpected16. Similarly, meningeal T cells are thought to be 
the source of cytokines like interferon (IFN)-γ and interleukin (IL)-4, 
which modulate cognition and behavior in mice17,18. Notably, these 
studies either used immune-deficient mice or performed transplants of 
bone marrow cells or T cells. Some groups confirmed the participation 
of T cells in murine neurogenesis19, whereas other studies came to the 

the choroid plexus in the ventricles of the brain. From there, it flows 
through the third ventricle, passing the midbrain through the aqueduct 
and reaching the outer surface of the brain via the fourth ventricle. 
Despite its leukopenic qualities, few T lymphocytes positive for CD4, 
a T cell surface glycoprotein, and even fewer antigen-presenting cells 
(APCs) or monocytes can be found in CSF. The population of CD4+ T 
cells present in the CNS comprises very few naïve cells3; most CSF T 
cells are effector-memory T cells, which express receptors that allow 
homing to inflamed tissues11. Effector-memory T cells can exert imme-
diate effector functions without the need for further differentiation. 
It appears likely that T cells enter the CNS via the fenestrated blood 
capillaries in the choroid plexus in the ventricles12.

Despite their pathogenic role during autoimmune inflammation, 
under steady-state conditions lymphocytes are only sparsely present 
in the CSF of the subdural meningeal structures. The leptomeninges 
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Figure 1  The CNS immune system during homeostasis. Scheme of the nondiseased brain, depicting anatomical structures and cells involved in ensuring 
tissue integrity. Under steady-state conditions, the brain is covered by the skull and the galea aponeurotica (not shown). Layers of connective tissue sheets, 
the dura mater and leptomeninges (arachnoid mater and pia mater), are located beneath the skull. CSF is produced in the choroid plexus (which has a 
blood–CSF barrier), bathes the brain, contains T cells and flows both in the parenchyma and in the subarachnoid area, which comprises arteries and the 
perivascular space. Whereas the CSF drains back to blood circulation, immune cells and proteins in CSF may be drained primarily through meningeal 
lymphatic structures to reach deep cervical lymph nodes, prototypical secondary lymphoid organs. Leukocytes (granulocytes, T and B cells) stay within 
the blood vessels and usually do not enter healthy brain tissue. Thus, the only endogenous immune cells within the CNS are parenchymal (microglia) and 
nonparenchymal macrophages (perivascular, meningeal and choroid plexus (for example, Kolmer epiplexus cells) macrophages).
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factor 1 receptor (CSF-1r) mutations causing hereditary diffuse leukoen-
cephalopathy with spheroids (HDLS) in humans49 or ubiquitin-specific 
protease (USP) 18 mutations in mouse50 and man51. Unfortunately, it is 
still not possible to efficiently target microglia to decrease disease burden 
without the application of irradiation, cell ablation or peripheral mye-
loablation, which all induce considerable changes of the CNS milieu52.

Notably, blood-derived monocytes never leave the endovascular 
space of the healthy brain to populate the CNS parenchyma, and there-
fore reports ascribing any effects to these cells might be due either 
to indirect mechanisms53 or to their minimal physiological passage 
through the choroid plexus34,54. In sum, the only immune cells that 
appear to populate the healthy brain and spinal cord parenchyma are 
long-lived tissue macrophages, including parenchymal microglia, men-
ingeal and perivascular macrophages, and choroid plexus macrophages. 
Peripheral immune cells are prevented from CNS entry by the presence 
of the blood–brain barrier (BBB) and a local tissue environment that 
penalizes bone marrow-derived blood cells55. However, inside the CSF, 
memory T cells possibly monitor the CNS within the subarachnoid and 
leptomeningeal spaces, where they can encounter the abovementioned 
macrophages at brain interfaces (Fig. 1). The latter could potentially 
function as antigen-presenting cells upon activation.

Redefining neuroinflammation
Alzheimer’s (AD) and Parkinson’s disease (PD) are common neuro-
degenerative disorders that result in a huge socioeconomic burden. 
At present, there are no disease-modifying treatments for AD or PD, 
and this is also true for less-common neurodegenerative conditions, 
such as Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), 
Creutzfeldt-Jakob disease and others. The neuropathological features 
of these neurodegenerative disorders include aggregation and accu-
mulation of intracellular and/or extracellular proteins that are asso-
ciated with neuronal loss in disease-specific regions of the CNS. In 
addition, proliferation and activation of glial cells, termed ‘gliosis’, is a 
well-established hallmark of these diseases. In fact, microglial responses 
are believed to have disease-modifying functions, which make them 
attractive for numerous ongoing experimental studies41,56.

It is important to note that cellular responses in AD, PD, HD, ALS, 
Creutzfeldt-Jakob disease and others are consistent with an innate 
immunity. Adaptive immune responses involve immune specificity (for 
antigens) and memory (indicating an accelerated reaction to antigen 
re-exposure) based on the unique properties of T and B lymphocytes. 
Notably, only the presence of these and other hematopoietic cells within 
the CNS may warrant the term ‘neuroinflammation’ as typically seen 
in bacterial, viral and autoimmune CNS diseases. Neurodegenerative 
diseases such as AD should be considered innate immune reactions 
that can also include the release of cytokines and chemokines (Fig. 2). 
Despite the breakdown of the BBB in later stages of neurodegenera-
tion, the presence of lymphocytes in AD and PD has been reported in 
some cases57,58. Nevertheless, the meaning of the term inflammation 
has undergone considerable revisions within the last years, and there-
fore, the concept of neuroinflammation has gradually expanded to also 
include neurodegenerative diseases. In fact, numerous recent reports 
have considered AD as a neuroinflammatory condition rather than an 
innate immune response to a state of neurodegeneration59,60. This is 
clearly not just a semantic problem, since this inaccuracy may lead to 
a misunderstanding of the pathophysiology of neurodegeneration and 
may consequently hinder cell-specific therapeutic approaches.

Peripheral immune cells in the CNS
Alzheimer’s disease. Immune cells in AD have gained major attention in 
the recent years. This is mostly due to significant technical advances that 

opposite conclusion20. Recent data suggest a more complex role for  
T cells in adult neurogenesis. A correlation was found between the rate 
of neurogenesis and the relative proportions of CD4+ and CD8+ subsets 
of αβT cells21. This correlation is driven by genetics, because specific 
quantitative trait loci contribute to variation in neurogenesis in the 
hippocampus and to variation in the relative proportion of CD4+ and 
CD8+ T cells. Further, this genetic correlation seems to be due to natural 
sequence variants that differentiate inbred strains of laboratory mice21.

In contrast to peripheral organs, no classical dendritic cells (DCs) 
can be functionally defined in the CNS parenchyma2. In the periph-
eral immune system, the main function of DCs is to process antigenic 
material and present it to the cell surface of naive T cells via major 
histocompatibility class (MHC) II (in addition to MHC I) molecules 
in concert with the costimulatory molecules CD80 and CD86 (ref. 22).

Despite acquiring a few DC surface markers, such as CD11c, MHC 
II and CD11b, CNS parenchymal cells are not DCs by any reasonable 
functional definition. In fact, CD11c expression was found on activated 
microglia23, bone marrow-derived phagocytes in the murine CNS24, 
as well as in human CNS samples25. CD11c+eYFP+ cells within brain 
parenchyma express several macrophage markers and show typical 
microglial morphology but are negative for MHC II (ref. 26). However, 
CD11c+ cells in the meninges and choroid plexus of healthy mice are 
responsive to a classical DC ligand, FMS-like receptor tyrosine kinase 
(Flt) 3 (ref. 27). Using comprehensive immunophenotyping, a recent 
study convincingly demonstrated that parenchymal CD11c+ eYFP+ 
cells do not display the phenotype of DCs but rather represent a sub-
population of microglia28, which supports the notion that the CNS is 
devoid of classical DCs. Along this line, another study demonstrated 
that virus-specific T cells are able to induce microglial proliferation and 
to convert microglia into CD11c+ APCs29.

The question is, “which CNS immune cells provide immune surveil-
lance under homeostasis, represent the first line of defense against invad-
ing pathogens and modulate CNS inflammation?” Like other organs of 
the body, the CNS contains tissue macrophages as prototypical innate 
immune cells. In addition to parenchymal microglia, this family com-
prises perivascular macrophages, meningeal macrophages and choroid 
plexus macrophages, the last of which include Kolmer’s epiplexus cells 
and other choroid plexus macrophages30. Despite the fact that all of 
these macrophage populations originate from prenatal sources, namely 
the yolk sac and/or fetal liver31–36, and share numerous myeloid- and 
macrophage-specific markers (such as Iba-1, F4/80 (also known as 
EMR1) and CX3CR1), they have quite diverse, cell-specific functions37. 
Strategically positioned at the CNS barriers, perivascular, meningeal and 
choroid plexus macrophages may modulate immune cell entry and phe-
notype during inflammation. The myeloid cells in the CNS-adjoining tis-
sues have thus been implicated in various immunopathological processes, 
including antigen presentation to circulating lymphocytes27,38,39. During 
homeostasis, perivascular macrophages are believed to sense blood dan-
ger signals, including damage-associated molecular patterns (DAMPs) 
and pathogen-associated molecular patterns (PAMPs), because of their 
localization between the laminin-positive endothelial and glial basement 
membranes34. During angiogenesis, they modulate anastomoses in the 
developing vasculature40. Choroid plexus macrophages are believed to 
surveil CSF production under steady-state conditions41,42.

Like other tissue macrophages with a prenatal origin32, microglia and 
their nonparenchymal family members are extremely long-lived and have 
no turnover with blood-derived monocytes43,44. However, they exhibit 
considerable self-renewal under homeostasis45–47. The longevity and the 
absence of exchange with blood cells make tissue macrophages in the 
CNS very vulnerable to inflammatory events in early life48 and monoge-
netic disorders with detrimental outcomes, such as colony stimulating 



4	 ADVANCE ONLINE PUBLICATION  NATURE NEUROSCIENCE

R E V I E W

present at all in AD mouse models or in human AD brains, compared to 
age-matched controls (Fig. 3)74. Indeed, engraftment of blood-derived 
cells in the brains of mouse AD models could only be observed when 
bone marrow transplantation was combined with head irradiation75–77 
but not when the brain was protected from irradiation78 or when para-
biotic AD models were studied70. These results are in agreement with 
the general observation that, if circulating monocytes engraft in the dis-
eased CNS, they are short-lived and do not permanently integrate into 
the existing microglia network46 even when endogenous microglia were 
depleted beforehand47. Interestingly, a pathogenic role of chemokine 
receptor (CCR) 2 deficiency was observed in transgenic mouse models 
of AD78,79, even though microglia do not express CCR2 in health or 
disease80, and brain perivascular macrophages renew independently 
of peripheral monocytes34.

Several proinflammatory factors produced by CNS macrophages 
also influence the pathogenesis of AD. Amyloid precursor (APP) and 
presenilin (PS)1 transgenic mice lacking both IL-23 and IL-12 develop 
reduced amyloid pathology and less memory impairment without 
altered APP processing81. Furthermore, the NLRP3 (NACHT-, LRR- 
and PYD-domains-containing protein 3) inflammasome has been 
implicated in AD pathogenesis since it senses aggregated proteins 
like amyloid82. A subsequent study provided further evidence for the 
importance of the NLRP3 system in AD, since the absence of NLRP3 
in APP-PS1 mice resulted in accelerated amyloid clearance, reduced 
plaque formation and fewer memory deficits83.

Two recent reports also suggested a pathogenic role for circulating 
neutrophils in mouse models of AD and in human AD brains84,85.  

now allow for full sequencing the human genome. In fact, genome-wide 
association studies in many thousands of patients resulted in the identifi-
cation of susceptibility variants in loci harboring innate immune-related 
genes that are expressed by myeloid cells, including CD33 (Siglec-3)61–63 
and TYROBP (DAP12; ref. 64) in AD, triggering receptor expressed on 
myeloid cells (TREM) 2 in frontotemporal dementia65 and in AD, and 
others. In addition, common variants in TREM1 and TREM2 are associ-
ated with increased AD pathology and cognitive decline66.

How these risk loci affect the functions of innate immune cells inside 
and outside of the CNS and how they increase AD susceptibility is not 
well understood. Apparently, the CD33 risk allele leads to increased 
TREM2 protein expression on myeloid cells, most likely by altering 
the expression of other innate immune surface receptors67. TREM2 is 
an important receptor that is thought to modulate CNS tissue debris 
clearance in general68 but is also involved in the phagocytosis of amy-
loid plaques56. In mouse models of AD, TREM2 deficiency prevents 
microglia clustering around amyloid plaques, suggesting a major role 
of the mutated gene for microglia function during disease69. Whereas a 
pathogenic role of TREM2 expression on microglia was elegantly shown 
for AD in a parabiotic mouse model70, other studies suggest a pivotal 
role for TREM2 on peripheral monocytes71.

Circulating monocytes in mice are either Ly-6ChiCCR2+CX3CR1lo 
or Ly-6CloCCR2–CX3CR1hi, whereas in humans they are CD14+ and/
or CD16+ (refs. 72,73). Monocytes can easily be targeted by antibodies, 
liposomes or cell transfer52, which makes them attractive candidates for 
therapeutic approaches in neurodegeneration. However, there is cur-
rently considerable doubt that an influx of peripheral immune cells is 
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Figure 2  Histopathological characteristics of neuroinflammation versus neurodegeneration in humans. Loss of distinct neuronal cell populations 
and concomitant gliosis are characteristic histopathological hallmarks of both neuroinflammatory diseases (Rasmussen encephalitis, upper panels) 
and neurodegenerative conditions (Alzheimer’s disease, lower panels). However, the term neuroinflammation should only be used when additional 
hematopoietic cells, particularly those of the adaptive immune system, such as T or B cells, as well as innate immune cells like blood-borne monocytes and 
granulocytes, are present. Thus, typical neurodegenerative diseases such as AD, PD, HD, ALS and many more that are usually devoid of adaptive immune 
cells should be considered innate immune reactions. Scale bar, 50 µm. Immunostainings for human leukocyte antigen–antigen-D-related (HLA-DR) 
(MHC class II), CD3 and CD20 reveal activated microglia, T cells and B cells, respectively. These images are unique to this review. Human temporal brain 
sections were examined histologically, after approval by the Faculty of Medicine, University of Freiburg. These histological samples were obtained from daily 
routine diagnostic examinations from in-house patients at University Hospital Freiburg. The usage of this patient material was approved by the local ethical 
committee and informed consent was obtained from patients’ families. Paraffin sections were dewaxed in xylene and rehydrated by decreasing ethanol 
concentration. Immunohistochemistry was performed using the CoverplateTM system. Sections were washed in Tris-buffered saline (TBS). After washing 
with TBS the following primary antibodies were applied: mouse monoclonal α-HLA-DR (cat. no. M0775, Dako, Hamburg, Germany, dilution: 1:400), mouse 
monoclonal α-CD3 (cat. no. NCL-L-CD3-565, Leica, Wetzlar, Germany, dilution: 1:50), mouse monoclonal α-CD20 (cat. no. M0755, Dako, Hamburg, 
Germany, dilution: 1:400). Following incubation with the primary antibody, the sections were rinsed in TBS, exposed to a biotinylated secondary antibody 
for 15 min at room temperature and washed again in TBS.
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functions, but the extent to which they contribute to disease pathogen-
esis remains to be determined.

Multiple sclerosis. Multiple sclerosis (MS) is a frequent autoimmune 
inflammatory disorder of the CNS leading to irreversible axonal damage 
and increasing neurological disability. Peripheral immune cells are consid-
ered to be causative in MS. The detailed immunopathogenesis of MS and 
its animal model, experimental autoimmune encephalomyelitis (EAE), 
have been discussed in several excellent reviews3,86–88. In general, the CNS 
of MS patients is characterized by an invasion of peripheral autoreactive 
immune cells and a concomitant activation of the innate immune system 
in the CNS. In mouse models, previously dormant myelin-specific T cells 
were found to be activated in secondary lymphoid organs, such as the deep 
cervical lymph nodes, and reactivated by myeloid cells with APC features 
at CNS interfaces. Subsequently, they act in concert with myeloid cells to 
cause inflammatory lesions in the white matter. The human disease can be 
partially recapitulated in the predominantly CD4+ T cell-mediated EAE 
disease model. Under healthy conditions, the BBB and the blood–CSF 
barrier separate the CNS from the circulation. In MS and EAE, the BBB 
is disrupted, which allows peripherally activated T cells and monocytes 
to gain access to the CNS (Fig. 3). In MS, myeloid cells dominate the 
infiltrate, followed by CD8+ T cells, with lower numbers of CD4+ T cells, 
B cells and plasma cells87,89.

The presence of T cells within MS lesions can be detected in early 
lesions90. Autoreactive T cells directed against oligodendrocyte anti-
gens, such as myelin basic protein, myelin oligodendrocyte glycopro-
tein and proteolipoprotein, can be found in circulating CD4+ T cells91 
and in lymph nodes92 of MS patients. These autoreactive CD4+ T cells 
express CCR6 in humans, which has been shown to be essential for 
T-cell migration to the CNS in EAE models12. However, others found 
enhanced autoimmune inflammation in the absence of CCR6 (ref. 93).

In EAE, T helper type 1 (TH1) and TH17 cells are the main CD4+ 
T-cell subsets implicated in disease94. The relevance of the TH1-to-TH17 
cell ratio in MS is currently under debate: conflicting data described 
the dominance of one T-cell subtype over the other at defined stages of 
disease95,96. Notably, the functions of TH17 cells in humans and mice 
seem to be different. TH17-derived granulocyte-macrophage colony-
stimulating factor (GM-CSF) production contributes to chronic inflam-
mation in EAE (ref. 97), whereas TH1 lymphocytes and other cell types 
are the producers of this cytokine in humans98. Interestingly, thera-
peutic approaches against TH17 cytokines, such as IL-12 and IL-23, 
failed in clinical trials of MS patients99. However, blocking the adhesion 

In transgenic mouse models of AD, neutrophil depletion or inhibition 
of neutrophil trafficking via LFA-1 integrin blockade reduced AD-like 
neuropathology and improved memory in mice that already showed cog-
nitive dysfunction80. These findings shed new light on this innate blood 
cell type but still await confirmation. Notably, neutrophil invasion is not 
a neuropathological hallmark of AD in humans or in rodent models.

The majority of the existing literature points to a predominant role 
for tissue macrophages, namely microglia and perivascular macro-
phages, in AD pathogenesis. Blood-derived immune cells such as lym-
phocytes, monocytes or granulocytes may have disease-modulating 
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Figure 3  Peripheral immune cells in the CNS immune system during 
disease. The presence and severity of BBB disruption determines which 
circulating immune cells can gain access to the diseased brain. (a) The 
BBB is a dynamic structure composed of the endothelial cell layer (cells are 
closely connected by tight junctions), endothelial basal lamina, perivascular 
space with perivascular macrophages and the astrocytic end feet from the 
parenchymal side, all of which prevent blood cell engraftment. (b) During 
neurodegeneration such as in Alzheimer’s diseases, activated microglia 
(and astrocytes) can be found in close proximity to extracellular amyloid 
(Aβ) plaques and damaged neurons with neurofibrillary tangles. Microglial 
activation might be the consequence of pathology but may also play a 
pathogenic role. Aβ is also present in perivascular macrophages, but the 
BBB is normally unaltered, preventing any influx of hematopoietic cells. 
(c,d) In contrast, considerable leakage of the BBB is present in (c) MS 
and (d) stroke, allowing hematopoietic cells to enter the CNS. Here, T- and 
B-cell infiltrates are typical and may persist in the subarachnoid space as 
‘tertiary follicles’ for several months. Circulating monocytes infiltrate the 
diseased brain, where they execute disease-specific functions that differ 
from those of endogenous myeloid cells (such as tissue macrophages). The 
composition of the immune cell infiltrate and its interactions with glial 
and nonglial cells in the brain determine the extent of tissue damage and 
consequently the clinical sequelae of disease.
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from the neurodegenerative and autoimmune disorders described above 
and has been a major target for therapeutic interventions. Unfortunately, 
clinical trials of anti-inflammatory drugs and blockade of leukocyte adhe-
sion molecules (enlimomab, ASTIN, LeukArrest) in stroke patients have 
been unsuccessful despite promising preclinical evidence (reviewed in 
ref. 118). It is noteworthy that neutrophils do not actually enter the brain 
parenchyma to cause damage after cerebral ischemia; they are restricted 
to luminal surfaces or perivascular spaces of cerebral vessels119. Cerebral 
ischemia results in the dysfunction and death of neurons and glia, par-
ticularly oligodendrocytes120. The injured neural cells release DAMPs, 
which activate the innate and adaptive immune systems. Proliferating 
microglia are boosted by monocytes and macrophages (Fig. 3) that are 
recruited from the meninges, choroid plexus, perivascular regions121 
and the bloodstream122. Using parabiotic mice123, microglial expansion 
after stroke was shown to depend on the proliferation of CNS-resident 
cells. Moreover, microglia and peripherally derived monocytes and mac-
rophages exert different functions after stroke with regard to phagocy-
tosis and the release of proinflammatory mediators123–125. Whereas the 
ablation of proliferating microglia appears to worsen stroke outcomes126, 
mice deficient in CCR2+Ly6Chi monocytes are protected from stroke127. 
The innate immune cells sense DAMPs via pattern-recognition recep-
tors, such as Toll-like receptors, which in turn activate nuclear factor-κB, 
type I interferons and other signaling cascades. This sets off the activa-
tion of the adaptive immune system. T lymphocytes (Fig. 3) are recruited 
from cerebral venules to the ischemic tissue and exert detrimental effects 
independent of antigen recognition128,129. A particular subtype of T lym-
phocytes, called γδT cells, is specifically attracted to the ischemic brain 
by bone marrow-derived macrophages that produce IL-23 (ref. 130). 
γδT cells secrete IL-17, attract peripheral myeloid cells and contribute 
to neuronal apoptosis in the penumbra during the delayed phase of the 
ischemia–reperfusion injury130,131. Most γδT cells do not enter the brain 
parenchyma after cerebral ischemia but accumulate in the leptomeninges, 
where they act as gatekeepers to control the trafficking of monocytes and 
neutrophils132. The detrimental effects of T effector cells in stroke are 
counteracted by CD4+CD25+Foxp3+ regulatory T (Treg) cells, which are 
anti-inflammatory and antagonize the production of TNF-α and IFN-γ by 
lymphocytes and microglia via the secretion of IL-10 (ref. 133). Notably, 
Treg cells confer neuroprotection without entering the ischemic brain134. 
On the other hand, there is also evidence to suggest that Treg cells worsen 
stroke outcome by inducing microvascular dysfunction135. Recently, a 
novel gut–brain axis involving IL-17+ γδT cells was recognized132. As 
a result of microbial dysbiosis, dendritic cells induce Treg cells in the 
mesenteric lymph nodes. These Treg cells home to the gut and suppress 
IL-17+ γδT-cell differentiation. Following cerebral ischemia, the traffick-
ing of these γδT cells from the intestine to the meninges is reduced, which 
decreases the expression of chemokines and the recruitment of leukocytes, 
thereby improving stroke outcome132. In contrast to T-cell infiltration, the 
infiltration of B cells (Fig. 3) into the ischemic brain is much delayed and 
takes several weeks136. Only a subpopulation of IL-10-producing regula-
tory B lymphocytes accumulate within 1–2 d after stroke; they inhibit the 
production of proinflammatory cytokines by peripheral T cells and inhibit 
the infiltration of T cells into the ischemic brain137. The initial activation 
of B cells probably occurs in the deep cervical lymph nodes, palatine ton-
sils and other secondary lymphoid tissues, where brain-derived antigens 
accumulate in stroke patients138. The exit routes of CNS antigens might 
involve transport by macrophages via the dural lymphatic network and the 
CSF6,8. Autoreactive T-helper cells and B cells that have escaped negative 
selection then become activated, and the latter secrete autoantibodies, 
which may result in long-term impairment of cognitive function after 
stroke (reviewed in ref. 139). In a process that is still poorly characterized, 
ectopic B-cell follicles (Fig. 3), composed of B cells and plasma cells (less 

molecule VLA-4 with the monoclonal antibody natalizumab strongly 
impairs the migration of autoreactive lymphocytes to the CNS, which 
rapidly decreases CNS inflammation and improves the clinical course 
in MS, arguing for a pathogenic role for T cells in this disease100.

As described above, CD8+ T cells are very commonly found in MS 
lesions. In accordance with their supposed role in disease pathogen-
esis, autoreactive CD8+ cells are activated by epitope spreading through 
MHC class I and presented by specific myeloid cells that express CD11c 
(ref. 101). In active MS lesions, CD8+ T cells were detected that exhibit 
features of mucosa-associated invariant T cells and produce IL-17  
(ref. 102). However, the precise roles of CD8+ T cells in MS and EAE 
are not entirely clear and require further investigation.

Autoreactive clonally expanding B cells are a typical feature of MS 
that can be found in the parenchyma, the meninges and the CSF. The 
frequency of antibody-secreting plasma cells is increased in patients with 
primary or secondary progressive MS103. B-cell clusters, together with 
T cells, plasma cells and stromal follicular dendritic cells, are the main 
component of distinct meningeal follicles called tertiary lymphoid struc-
tures, which are indicative of chronic inflammation in some patients 
with secondary progressive disease104. By contrast, primary progressive 
MS shows a more diffuse meningeal infiltration linked to cortical pathol-
ogy105. Meningeal tertiary lymphoid structures can also be induced in 
mice by chronic activation of TH17 CD4+ T cells106 and by the additional 
action of the proinflammatory cytokine lymphotoxin on T cells107.

In addition to lymphocytes, several myeloid subsets are involved in 
CNS neuroinflammation39,108. These encompass microglia in the CNS 
parenchyma, antigen-presenting CD11c+ cells at the CNS interfaces and 
infiltrating monocytes (Fig. 3). Myeloid cells are thought to be proxi-
mate effectors in the inflammatory cascade leading to CNS damage, 
as they can act as phagocytes and are the main producers of cytotoxic 
factors and reactive oxygen species109. Indeed, depletion of myeloid 
cells in the CNS by a transgenic CD11b herpes simplex virus type 1 
(HSV-1) thymidine kinase approach mitigated EAE110. The absence 
of transforming growth factor (TGF)-β-activated kinase 1 (TAK1) in 
long-lived CX3CR1+ tissue macrophages of the CNS abolished demy-
elinating inflammation and axonal damage43.

A transgenic approach allowed a recent, elegant study of the differ-
ential functions of monocytes versus microglia during CNS inflamma-
tion111. CCR2+ monocytes exhibited a proinflammatory and cytotoxic 
gene signature in EAE. They were localized at the nodes of Ranvier 
in oligodendrocytes and initiated demyelination, whereas microglia 
appeared to clear debris, which is essential for remyelination111. The 
pathogenic role of circulating Ly-6ChiCCR2+ inflammatory monocytes 
has been described by King et al.112 and by Mildner and colleagues44. 
Notably, the GM-CSF receptor on CCR2+ monocytes drives inflamma-
tion in EAE through receptor activation by T-cell-produced GM-CSF113.

Strategically placed between the bloodstream, the CNS parenchyma 
and the CSF, meningeal and perivascular phagocytes can monitor these 
interfaces and influence the communication between the periphery and 
the CNS. Perivascular and meningeal macrophages are believed to act as 
APCs in both rodents and humans because they express major histocom-
patibility complex (MHC) class II molecules, which implies that they are 
involved in antigen uptake, processing and presentation to T cells34,38.

Stroke. Although stroke is an acute cardiovascular disease, it is associ-
ated with a pronounced neuroinflammatory response. More than 80% 
of all strokes are ischemic; the rest are hemorrhagic. Stroke is followed 
by a complex interplay between the nervous and the immune systems, 
which has been the subject of several excellent review articles114–116. 
Innate immune activation of microglia and macrophages occurs within 
24 h after cerebral ischemia, followed by the accumulation of neutro-
phils117. The recruitment of neutrophils (Fig. 3) distinguishes stroke 
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than 10%), T cells and CD11c+ cells, develop in the infarct core starting  
2 weeks after stroke136. These are reminiscent of the detrimental autore-
active B-cell responses following spinal cord injury140 and the meningeal 
ectopic B-cell follicles found in EAE and MS141,142.

The autoreactive immune responses after stroke are limited by a 
secondary immunodeficiency syndrome143, which follows acute CNS 
injuries like stroke, traumatic brain or spinal cord injury and which 
increases susceptibility to infections (reviewed in ref. 144). In the case 
of cerebral ischemia, long-lasting lymphopenia and defective IFN-γ 
responses promote spontaneous bacteremia and pneumonia145. Recent 
evidence suggests that stroke results in the dysfunction of the gut barrier 
with subsequent dissemination of orally inoculated bacteria to periph-
eral tissues146. The CNS can sense systemic inflammation via neural 
(autonomic nervous system) and humoral (cytokines, hypothalamic–
pituitary–adrenal axis) pathways (reviewed in ref. 114). Notably, hepatic 
invariant natural killer T cells are involved in the cross-talk between the 
nervous and immune systems after stroke via noradrenergic signaling 
and are critical in the defense against infections147. Cholinergic path-
ways suppress pulmonary innate immunity and predispose patients 
to pneumonia after stroke148. Thus, stroke is followed by a complex 
interplay between the CNS and the immune system, which represents 
an excellent target for future immunomodulatory therapies.

Future directions
The CNS is protected from external influences and intruders via the 
BBB. The entry and exit gates of the CNS, such as the choroid plexus, 
meningeal lining and perivascular spaces, are safeguarded by innate 
immune cells. In the case of neurodegenerative diseases, microglia and 
other brain macrophages are activated. However, these long-lived cells 
may eventually become functionally exhausted, suggesting that periph-
eral myeloid cells may be targeted.

In neuroinflammatory diseases like MS or stroke, the BBB is dis-
rupted and peripheral immune cells gain access to the brain paren-
chyma. The resident innate immune cells of the CNS are now exposed 
to a new environment. They encounter innate immune cells that have 
been primed in the periphery, and how and to what extent the differ-
ent myeloid cell population’s cross-talk and contribute to disease is a 
subject of ongoing research. Adaptive immunity plays a central role in 
neuroinflammatory diseases. The recognition of a lymphatic drainage 
system of the CNS has drawn attention to the meninges and the choroid 
plexus. However, we still need to better understand the origin, function 
and fate of lymphocytes and macrophages at the borders of the CNS if 
we want to exploit this knowledge for the development of novel thera-
pies for MS and stroke. Recent advances in transgenic technologies, 
genomics and bioinformatics will be of invaluable help in this quest.

ACKNOWLEDGMENTS
We thank Dr. F. Fernández-Klett and D. Erny for the artwork. M.P. and J.P. are 
coordinators of the DFG-funded collaborative research center SFB/TRR167 
(NeuroMac). In addition, M.P. is supported by the BMBF-funded competence 
network of multiple sclerosis (KKNMS) and the DFG (SFB 992, SFB 1160, Reinhart 
Koeselleck Grant). J.P. receives additional funding from the DFG (NeuroCure Cluster 
of Excellence, SFB TRR43), the BIH (CRG Proteostasis) and the BMBF (AERIAL).

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

1.	 Louveau, A., Harris, T.H. & Kipnis, J. Revisiting the mechanisms of CNS immune 
privilege. Trends Immunol. 36, 569–577 (2015).

2.	 Galea, I., Bechmann, I. & Perry, V.H. What is immune privilege (not)? Trends 
Immunol. 28, 12–18 (2007).

3.	 Ransohoff, R.M. & Engelhardt, B. The anatomical and cellular basis of immune 
surveillance in the central nervous system. Nat. Rev. Immunol. 12, 623–635 (2012).

4.	 Földi, M. et al. New contributions to the anatomical connections of the brain and 
the lymphatic system. Acta Anat. 64, 498–505 (1966).

http://dx.doi.org/10.1038/ni.3666


8	 ADVANCE ONLINE PUBLICATION  NATURE NEUROSCIENCE

R E V I E W

76.	 Kierdorf, K., Katzmarski, N., Haas, C.A. & Prinz, M. Bone marrow cell recruitment 
to the brain in the absence of irradiation or parabiosis bias. PLoS One 8, e58544 
(2013).

77.	 Simard, A.R., Soulet, D., Gowing, G., Julien, J.P. & Rivest, S. Bone marrow-derived 
microglia play a critical role in restricting senile plaque formation in Alzheimer’s 
disease. Neuron 49, 489–502 (2006).

78.	 Mildner, A. et al. Distinct and non-redundant roles of microglia and myeloid subsets 
in mouse models of Alzheimer’s disease. J. Neurosci. 31, 11159–11171 (2011).

79.	 El Khoury, J. et al. Ccr2 deficiency impairs microglial accumulation and accelerates 
progression of Alzheimer-like disease. Nat. Med. 13, 432–438 (2007).

80.	 Saederup, N. et al. Selective chemokine receptor usage by central nervous system 
myeloid cells in CCR2-red fluorescent protein knock-in mice. PLoS One 5, e13693 
(2010).

81.	 Vom Berg, J. et al. Inhibition of IL-12/IL-23 signaling reduces Alzheimer’s disease-
like pathology and cognitive decline. Nat. Med. 18, 1812–1819 (2012).

82.	 Halle, A. et al. The NALP3 inflammasome is involved in the innate immune response 
to amyloid-beta. Nat. Immunol. 9, 857–865 (2008).

83.	 Heneka, M.T. et al. NLRP3 is activated in Alzheimer’s disease and contributes to 
pathology in APP/PS1 mice. Nature 493, 674–678 (2013).

84.	 Zenaro, E. et al. Neutrophils promote Alzheimer’s disease-like pathology and cogni-
tive decline via LFA-1 integrin. Nat. Med. 21, 880–886 (2015).

85.	 Gabbita, S.P. et al. Oral TNFα modulation alters neutrophil infiltration, improves 
cognition and diminishes tau and amyloid pathology in the 3xTgAD mouse model. 
PLoS One 10, e0137305 (2015).

86.	 Hemmer, B., Kerschensteiner, M. & Korn, T. Role of the innate and adaptive immune 
responses in the course of multiple sclerosis. Lancet Neurol. 14, 406–419 (2015).

87.	 Dendrou, C.A., Fugger, L. & Friese, M.A. Immunopathology of multiple sclerosis. 
Nat. Rev. Immunol. 15, 545–558 (2015).

88.	 Croxford, A.L., Spath, S. & Becher, B. GM-CSF in neuroinflammation: licensing 
myeloid cells for tissue damage. Trends Immunol. 36, 651–662 (2015).

89.	 Chard, D.T. et al. Brain atrophy in clinically early relapsing-remitting multiple scle-
rosis. Brain 125, 327–337 (2002).

90.	 Popescu, B.F. & Lucchinetti, C.F. Pathology of demyelinating diseases. Annu. Rev. 
Pathol. 7, 185–217 (2012).

91.	 Bielekova, B. et al. Expansion and functional relevance of high-avidity myelin-spe-
cific CD4+ T cells in multiple sclerosis. J. Immunol. 172, 3893–3904 (2004).

92.	 van Zwam, M. et al. Brain antigens in functionally distinct antigen-presenting cell 
populations in cervical lymph nodes in MS and EAE. J. Mol. Med. (Berl) 87, 273–
286 (2009).

93.	 Villares, R. et al. CCR6 regulates EAE pathogenesis by controlling regulatory CD4+ 
T-cell recruitment to target tissues. Eur. J. Immunol. 39, 1671–1681 (2009).

94.	 Steinman, L. A brief history of T(H)17, the first major revision in the T(H)1/T(H)2 
hypothesis of T cell-mediated tissue damage. Nat. Med. 13, 139–145 (2007).

95.	 Tzartos, J.S. et al. Interleukin-17 production in central nervous system-infiltrating 
T cells and glial cells is associated with active disease in multiple sclerosis. Am. J. 
Pathol. 172, 146–155 (2008).

96.	 Frisullo, G. et al. IL17 and IFNgamma production by peripheral blood mononuclear 
cells from clinically isolated syndrome to secondary progressive multiple sclerosis. 
Cytokine 44, 22–25 (2008).

97.	 Codarri, L. et al. RORγt drives production of the cytokine GM-CSF in helper T cells, 
which is essential for the effector phase of autoimmune neuroinflammation. Nat. 
Immunol. 12, 560–567 (2011).

98.	 Noster, R. et al. IL-17 and GM-CSF expression are antagonistically regulated by 
human T helper cells. Sci. Transl. Med. 6, 241ra80 (2014).

99.	 Segal, B.M. et al. Repeated subcutaneous injections of IL12/23 p40 neutralising 
antibody, ustekinumab, in patients with relapsing-remitting multiple sclerosis: a 
phase II, double-blind, placebo-controlled, randomised, dose-ranging study. Lancet 
Neurol. 7, 796–804 (2008).

100.	Polman, C.H. et al. A randomized, placebo-controlled trial of natalizumab for relaps-
ing multiple sclerosis. N. Engl. J. Med. 354, 899–910 (2006).

101.	Ji, Q., Castelli, L. & Goverman, J.M. MHC class I-restricted myelin epitopes are 
cross-presented by Tip-DCs that promote determinant spreading to CD8+ T cells. 
Nat. Immunol. 14, 254–261 (2013).

102.	Willing, A. et al. CD8+ MAIT cells infiltrate into the CNS and alterations in their blood 
frequencies correlate with IL-18 serum levels in multiple sclerosis. Eur. J. Immunol. 
44, 3119–3128 (2014).

103.	Frischer, J.M. et al. The relation between inflammation and neurodegeneration in 
multiple sclerosis brains. Brain 132, 1175–1189 (2009).

104.	Stern, J.N. et al. B cells populating the multiple sclerosis brain mature in the drain-
ing cervical lymph nodes. Sci. Transl. Med. 6, 248ra107 (2014).

105.	Howell, O.W. et al. Extensive grey matter pathology in the cerebellum in multiple 
sclerosis is linked to inflammation in the subarachnoid space. Neuropathol. Appl. 
Neurobiol. 41, 798–813 (2015).

106.	Peters, A. et al. Th17 cells induce ectopic lymphoid follicles in central nervous 
system tissue inflammation. Immunity 35, 986–996 (2011).

107.	Pikor, N.B. et al. Integration of Th17- and lymphotoxin-derived signals initiates men-
ingeal-resident stromal cell remodeling to propagate neuroinflammation. Immunity 
43, 1160–1173 (2015).

108.	Greter, M., Lelios, I. & Croxford, A.L. Microglia versus myeloid cell nomenclature 
during brain inflammation. Front. Immunol. 6, 249 (2015).

109.	Goldmann, T. & Prinz, M. Role of microglia in CNS autoimmunity. Clin. Dev. 
Immunol. 2013, 208093 (2013).

110.	Heppner, F.L. et al. Experimental autoimmune encephalomyelitis repressed by 
microglial paralysis. Nat. Med. 11, 146–152 (2005).

37, 591–605 (2015).
40.	 Fantin, A. et al. Tissue macrophages act as cellular chaperones for vascular anas-

tomosis downstream of VEGF-mediated endothelial tip cell induction. Blood 116, 
829–840 (2010).

41.	 Prinz, M., Priller, J., Sisodia, S.S. & Ransohoff, R.M. Heterogeneity of CNS myeloid 
cells and their roles in neurodegeneration. Nat. Neurosci. 14, 1227–1235 (2011).

42.	 Wolburg, H. & Paulus, W. Choroid plexus: biology and pathology. Acta Neuropathol. 
119, 75–88 (2010).

43.	 Goldmann, T. et al. A new type of microglia gene targeting shows TAK1 to be pivotal 
in CNS autoimmune inflammation. Nat. Neurosci. 16, 1618–1626 (2013).

44.	 Mildner, A. et al. CCR2+Ly-6Chi monocytes are crucial for the effector phase of 
autoimmunity in the central nervous system. Brain 132, 2487–2500 (2009).

45.	 Hashimoto, D. et al. Tissue-resident macrophages self-maintain locally through-
out adult life with minimal contribution from circulating monocytes. Immunity 38, 
792–804 (2013).

46.	 Ajami, B., Bennett, J.L., Krieger, C., McNagny, K.M. & Rossi, F.M. Infiltrating mono-
cytes trigger EAE progression, but do not contribute to the resident microglia pool. 
Nat. Neurosci. 14, 1142–1149 (2011).

47.	 Bruttger, J. et al. Genetic cell ablation reveals clusters of local self-renewing microg-
lia in the mammalian central nervous system. Immunity 43, 92–106 (2015).

48.	 Matcovitch-Natan, O. et al. Microglia development follows a stepwise program to 
regulate brain homeostasis. Science 353, aad8670 (2016).

49.	 Rademakers, R. et al. Mutations in the colony stimulating factor 1 receptor (CSF1R) 
gene cause hereditary diffuse leukoencephalopathy with spheroids. Nat. Genet. 44, 
200–205 (2011).

50.	 Goldmann, T. et al. USP18 lack in microglia causes destructive interferonopathy of 
the mouse brain. EMBO J. 34, 1612–1629 (2015).

51.	 Meuwissen, M.E. et al. Human USP18 deficiency underlies type 1 interferonopathy 
leading to severe pseudo-TORCH syndrome. J. Exp. Med. 213, 1163–1174 (2016).

52.	 Biber, K., Möller, T., Boddeke, E. & Prinz, M. Central nervous system myeloid cells 
as drug targets: current status and translational challenges. Nat. Rev. Drug Discov. 
15, 110–124 (2016).

53.	 Möhle, L. et al. Ly6C(hi) monocytes provide a link between antibiotic-induced 
changes in gut microbiota and adult hippocampal neurogenesis. Cell Rep. 15, 
1945–1956 (2016).

54.	 Baruch, K., Kertser, A., Porat, Z. & Schwartz, M. Cerebral nitric oxide represses 
choroid plexus NFκB-dependent gateway activity for leukocyte trafficking. EMBO J. 
34, 1816–1828 (2015).

55.	 Obermeier, B., Daneman, R. & Ransohoff, R.M. Development, maintenance and 
disruption of the blood-brain barrier. Nat. Med. 19, 1584–1596 (2013).

56.	 Meyer-Luehmann, M. & Prinz, M. Myeloid cells in Alzheimer’s disease: culprits, 
victims or innocent bystanders? Trends Neurosci. 38, 659–668 (2015).

57.	 Togo, T. et al. Occurrence of T cells in the brain of Alzheimer’s disease and other 
neurological diseases. J. Neuroimmunol. 124, 83–92 (2002).

58.	 Brochard, V. et al. Infiltration of CD4+ lymphocytes into the brain contributes to 
neurodegeneration in a mouse model of Parkinson disease. J. Clin. Invest. 119, 
182–192 (2009).

59.	 Heneka, M.T. et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 14, 
388–405 (2015).

60.	 Ransohoff, R.M. How neuroinflammation contributes to neurodegeneration. Science 
353, 777–783 (2016).

61.	 Hollingworth, P. et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 
and CD2AP are associated with Alzheimer’s disease. Nat. Genet. 43, 429–435 (2011).

62.	 Naj, A.C. et al. Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are 
associated with late-onset Alzheimer’s disease. Nat. Genet. 43, 436–441 (2011).

63.	 Griciuc, A. et al. Alzheimer’s disease risk gene CD33 inhibits microglial uptake of 
amyloid beta. Neuron 78, 631–643 (2013).

64.	 Zhang, B. et al. Integrated systems approach identifies genetic nodes and networks 
in late-onset Alzheimer’s disease. Cell 153, 707–720 (2013).

65.	 Guerreiro, R.J. et al. Using exome sequencing to reveal mutations in TREM2 present-
ing as a frontotemporal dementia-like syndrome without bone involvement. JAMA 
Neurol. 70, 78–84 (2013).

66.	 Replogle, J.M. et al. A TREM1 variant alters the accumulation of Alzheimer-related 
amyloid pathology. Ann. Neurol. 77, 469–477 (2015).

67.	 Chan, G. et al. CD33 modulates TREM2: convergence of Alzheimer loci. Nat. 
Neurosci. 18, 1556–1558 (2015).

68.	 Takahashi, K., Prinz, M., Stagi, M., Chechneva, O. & Neumann, H. TREM2-
transduced myeloid precursors mediate nervous tissue debris clearance and facilitate 
recovery in an animal model of multiple sclerosis. PLoS Med. 4, e124 (2007).

69.	 Wang, Y. et al. TREM2 lipid sensing sustains the microglial response in an 
Alzheimer’s disease model. Cell 160, 1061–1071 (2015).

70.	 Wang, Y. et al. TREM2-mediated early microglial response limits diffusion and toxic-
ity of amyloid plaques. J. Exp. Med. 213, 667–675 (2016).

71.	 Jay, T.R. et al. TREM2 deficiency eliminates TREM2+ inflammatory macrophages 
and ameliorates pathology in Alzheimer’s disease mouse models. J. Exp. Med. 212, 
287–295 (2015).

72.	 Geissmann, F., Jung, S. & Littman, D.R. Blood monocytes consist of two principal 
subsets with distinct migratory properties. Immunity 19, 71–82 (2003).

73.	 Cros, J. et al. Human CD14dim monocytes patrol and sense nucleic acids and viruses 
via TLR7 and TLR8 receptors. Immunity 33, 375–386 (2010).

74.	 Bien-Ly, N. et al. Lack of widespread BBB disruption in Alzheimer’s disease models: 
focus on therapeutic antibodies. Neuron 88, 289–297 (2015).

75.	 Mildner, A. et al. Microglia in the adult brain arise from Ly-6ChiCCR2+ monocytes 
only under defined host conditions. Nat. Neurosci. 10, 1544–1553 (2007).



NATURE NEUROSCIENCE  ADVANCE ONLINE PUBLICATION	 9

R E V I E W

115, 3835–3842 (2010).
130.	Shichita, T. et al. Pivotal role of cerebral interleukin-17-producing gammadeltaT 

cells in the delayed phase of ischemic brain injury. Nat. Med. 15, 946–950 (2009).
131.	Gelderblom, M. et al. Neutralization of the IL-17 axis diminishes neutrophil invasion 

and protects from ischemic stroke. Blood 120, 3793–3802 (2012).
132.	Benakis, C. et al. Commensal microbiota affects ischemic stroke outcome by regulat-

ing intestinal γδ T cells. Nat. Med. 22, 516–523 (2016).
133.	Liesz, A. et al. Regulatory T cells are key cerebroprotective immunomodulators in 

acute experimental stroke. Nat. Med. 15, 192–199 (2009).
134.	Li, P. et al. Adoptive regulatory T-cell therapy protects against cerebral ischemia. 

Ann. Neurol. 74, 458–471 (2013).
135.	Kleinschnitz, C. et al. Regulatory T cells are strong promoters of acute ischemic 

stroke in mice by inducing dysfunction of the cerebral microvasculature. Blood 121, 
679–691 (2013).

136.	Doyle, K.P. et al. B-lymphocyte-mediated delayed cognitive impairment following 
stroke. J. Neurosci. 35, 2133–2145 (2015).

137.	Ren, X. et al. Regulatory B cells limit CNS inflammation and neurologic deficits in 
murine experimental stroke. J. Neurosci. 31, 8556–8563 (2011).

138.	Planas, A.M. et al. Brain-derived antigens in lymphoid tissue of patients with acute 
stroke. J. Immunol. 188, 2156–2163 (2012).

139.	Doyle, K.P. & Buckwalter, M.S. Does B lymphocyte-mediated autoimmunity con-
tribute to post-stroke dementia? Brain Behav. Immun. S0889-1591(16)30366-X 
(2016).

140.	Ankeny, D.P., Guan, Z. & Popovich, P.G. B cells produce pathogenic antibodies and 
impair recovery after spinal cord injury in mice. J. Clin. Invest. 119, 2990–2999 
(2009).

141.	Magliozzi, R., Columba-Cabezas, S., Serafini, B. & Aloisi, F. Intracerebral expression 
of CXCL13 and BAFF is accompanied by formation of lymphoid follicle-like struc-
tures in the meninges of mice with relapsing experimental autoimmune encephalo-
myelitis. J. Neuroimmunol. 148, 11–23 (2004).

142.	Serafini, B., Rosicarelli, B., Magliozzi, R., Stigliano, E. & Aloisi, F. Detection of ecto-
pic B-cell follicles with germinal centers in the meninges of patients with secondary 
progressive multiple sclerosis. Brain Pathol. 14, 164–174 (2004).

143.	Römer, C. et al. Blocking stroke-induced immunodeficiency increases CNS antigen-
specific autoreactivity but does not worsen functional outcome after experimental 
stroke. J. Neurosci. 35, 7777–7794 (2015).

144.	Meisel, C., Schwab, J.M., Prass, K., Meisel, A. & Dirnagl, U. Central nervous sys-
tem injury-induced immune deficiency syndrome. Nat. Rev. Neurosci. 6, 775–786 
(2005).

145.	Prass, K. et al. Stroke-induced immunodeficiency promotes spontaneous bacterial 
infections and is mediated by sympathetic activation reversal by poststroke T helper 
cell type 1-like immunostimulation. J. Exp. Med. 198, 725–736 (2003).

146.	Stanley, D. et al. Translocation and dissemination of commensal bacteria in post-
stroke infection. Nat. Med. 22, 1277–1284 (2016).

147.	Wong, C.H., Jenne, C.N., Lee, W.Y., Léger, C. & Kubes, P. Functional innervation of 
hepatic iNKT cells is immunosuppressive following stroke. Science 334, 101–105 
(2011).

148.	Engel, O. et al. Cholinergic pathway suppresses pulmonary innate immunity facilitat-
ing pneumonia after stroke. Stroke 46, 3232–3240 (2015).

111.	Yamasaki, R. et al. Differential roles of microglia and monocytes in the inflamed 
central nervous system. J. Exp. Med. 211, 1533–1549 (2014).

112.	King, I.L., Dickendesher, T.L. & Segal, B.M. Circulating Ly-6C+ myeloid precursors 
migrate to the CNS and play a pathogenic role during autoimmune demyelinating 
disease. Blood 113, 3190–3197 (2009).

113.	Croxford, A.L. et al. The cytokine GM-CSF drives the inflammatory signature of 
CCR2+ monocytes and licenses autoimmunity. Immunity 43, 502–514 (2015).

114.	Chamorro, Á. et al. The immunology of acute stroke. Nat. Rev. Neurol. 8, 401–410 
(2012).

115.	Fu, Y., Liu, Q., Anrather, J. & Shi, F.D. Immune interventions in stroke. Nat. Rev. 
Neurol. 11, 524–535 (2015).

116.	Lopes Pinheiro, M.A. et al. Immune cell trafficking across the barriers of the central 
nervous system in multiple sclerosis and stroke. Biochim. Biophys. Acta 1862, 
461–471 (2016).

117.	Gelderblom, M. et al. Temporal and spatial dynamics of cerebral immune cell accu-
mulation in stroke. Stroke 40, 1849–1857 (2009).

118.	Jin, R., Yang, G. & Li, G. Inflammatory mechanisms in ischemic stroke: role of 
inflammatory cells. J. Leukoc. Biol. 87, 779–789 (2010).

119.	Enzmann, G. et al. The neurovascular unit as a selective barrier to polymorphonuclear 
granulocyte (PMN) infiltration into the brain after ischemic injury. Acta Neuropathol. 
125, 395–412 (2013).

120.	Petito, C.K., Olarte, J.P., Roberts, B., Nowak, T.S. Jr. & Pulsinelli, W.A. Selective 
glial vulnerability following transient global ischemia in rat brain. J. Neuropathol. 
Exp. Neurol. 57, 231–238 (1998).

121.	Henning, E.C. et al. Feridex preloading permits tracking of CNS-resident macro-
phages after transient middle cerebral artery occlusion. J. Cereb. Blood Flow Metab. 
29, 1229–1239 (2009).

122.	Stroh, A. et al. Tracking of systemically administered mononuclear cells in the isch-
emic brain by high-field magnetic resonance imaging. Neuroimage 33, 886–897 
(2006).

123.	Li, T. et al. Proliferation of parenchymal microglia is the main source of microgliosis 
after ischaemic stroke. Brain 136, 3578–3588 (2013).

124.	Schilling, M. et al. Predominant phagocytic activity of resident microglia over hema-
togenous macrophages following transient focal cerebral ischemia: an investigation 
using green fluorescent protein transgenic bone marrow chimeric mice. Exp. Neurol. 
196, 290–297 (2005).

125.	Clausen, B.H. et al. Interleukin-1beta and tumor necrosis factor-alpha are expressed 
by different subsets of microglia and macrophages after ischemic stroke in mice. J. 
Neuroinflammation 5, 46 (2008).

126.	Lalancette-Hébert, M., Gowing, G., Simard, A., Weng, Y.C. & Kriz, J. Selective 
ablation of proliferating microglial cells exacerbates ischemic injury in the brain. J. 
Neurosci. 27, 2596–2605 (2007).

127.	Dimitrijevic, O.B., Stamatovic, S.M., Keep, R.F. & Andjelkovic, A.V. Absence of the 
chemokine receptor CCR2 protects against cerebral ischemia/reperfusion injury in 
mice. Stroke 38, 1345–1353 (2007).

128.	Yilmaz, G., Arumugam, T.V., Stokes, K.Y. & Granger, D.N. Role of T lymphocytes and 
interferon-gamma in ischemic stroke. Circulation 113, 2105–2112 (2006).

129.	Kleinschnitz, C. et al. Early detrimental T-cell effects in experimental cerebral 
ischemia are neither related to adaptive immunity nor thrombus formation. Blood 


	The role of peripheral immune cells in theCNS in steady state and disease
	CNS immunity during homeostasis
	Redefining neuroinflammation
	Peripheral immune cells in the CNS
	Alzheimer’s disease.
	Multiple sclerosis.
	Stroke.

	Future directions
	ACKNOWLEDGMENTS
	COMPETING FINANCIAL INTERESTS
	REFERENCES
	Figure 1 The CNS immune system during homeostasis.
	Figure 2 Histopathological characteristics of neuroinflammation versus neurodegeneration in humans.
	Figure 3 Peripheral immune cells in the CNS immune system duringdisease.




