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Abstract Dendritic cells (DC) are critical to an integrated
immune response and serve as the key link between the
innate and adaptive arms of the immune system. Under
steady state conditions, brain DC’s act as sentinels, contin-
ually sampling their local environment. They share this
function with macrophages derived from the same basic
hemopoietic (bone marrow-derived) precursor and with pa-
renchymal microglia that arise from a unique non-
hemopoietic origin. While multiple cells may serve as anti-
gen presenting cells (APCs), dendritic cells present both
foreign and self-proteins to naïve T cells that, in turn, carry
out effector functions that serve to protect or destroy. The
resulting activation of the adaptive response is a critical step
to resolution of injury or infection and is key to survival. In
this review we will explore the critical roles that DCs play in
the brain’s response to neuroinflammatory disease with em-
phasis on how the brain’s microenvironment impacts these
actions.
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Introduction

While microglia are clearly the major immune cell of the
brain, bone marrow derived perivascular macrophages and
other peripheral immune cells preside at the interfaces be-
tween the blood and the interstitium of the brain or between
the blood and the fluid that bathes the brain, the cerebral
spinal fluid (CSF). These myeloid–derived cells represent a
cellular component of an immune circuit between the brain

immune system and the periphery that includes the hypo-
thalamic/pituitary neuroendocrine pathways and direct neu-
ronal activity. Dendritic cells (DC), a primary subtype of
interface cells, serve as a nodal point in the circuit, bridging
the signals initiated from the parenchymal microglia to the
adaptive arm of immunity in the periphery. The presence of
DCs within the brain has been suggested for a number of
years, but even now, their derivation and their functions
during neuroinflammation remain unclear. Their participa-
tion in brain disease, however cannot be ignored. This
review begins by describing the characteristics of DCs and
the derivation from the bone marrow and continues by
discussing brain specific locations, their origin and their
importance to neuroinflammatory disease. We end by asking
the question if microglia during disease can, themselves,
serve as a source of DCs.

What are dendritic cells?

In the strictest sense mature DCs can be defined as antigen
presenting cells (APC) that interact with naïve T cells within
lymph tissue to initiate a T-cell response (Geissmann et al.
2010b). Generally, this interaction occurs through the bind-
ing of major histocompatibility complex class I (MHCI) or
major histocompatibility complex class II (MHCII) to a T-
cell receptor (TCR) in the presence of co-stimulatory mol-
ecules expressed by the DC. The activation results in the
production of inflammatory and/or anti-inflammatory cyto-
kines by the mature DC that feed forward to instruct naïve T
cells or memory cells and feedback to further modify the
DC’s function. The outcome from T cell activation can be
tolerogenic, that is a protective immunosuppressive re-
sponse, or immunogenic, a defensive response that is capa-
ble of ridding the tissue of invaders. In order to understand
potential functional outcomes during disease processes, it is
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critical to understand when and how DCs orchestrate their
immune response programs. For the brain, multiple cells
have been described as APCs and thus may act as putative
DCs. These include astrocytes (Dong and Benveniste 2001;
De Keyser et al. 2010), vascular endothelial cells
(Razakandrainibe et al. 2012) and microglia within the brain
parenchyma and the macrophages located in the perivascu-
lar space and meninges (Perry 1998; Fischer and Reichmann
2001; Carson et al. 2006; Ransohoff and Cardona 2010).
While neurons have been shown to express MHCI
(Redwine et al. 2001), the function of this complex in
neurons appears to involve non-immune mechanisms such
as modulation of synaptic transmission (Fourgeaud et al.
2010). The large number of potential APCs, thus, compli-
cates the identification of specific cell types involved in an
on-going immune process. The expression of surface anti-
gens is one common mechanism that is used to identify
DCs. For example, αX integrin receptors, CD11c (also
known as complement receptor 4) are expressed on early
lineage DCs and have been widely used to identify and to
isolate DC cells. However, neither CD11c nor the expres-
sion of other integrins such as CD11b (αM integrin; MAC-
1) or CD11a (αL integrin; LFA-1) can be used alone to
identify DC (Steinman 2012). As discussed later in the
review, recent transcription factor screens have provided
new information that allow improved discrimination of
DCs from other cell types and now allow easier identifica-
tion of DCs. However, as suggested by Steinman (Steinman
2012) and others (Shortman and Naik 2007; Geissmann et
al. 2010b) full understanding of the role of DCs in an on-
going immune mechanism will likely require knowledge of
the developmental lineage, of the transcription factors
expressed, of the migratory status of the cell and of the
immune function, in addition to defining the surface
antigens.

The developmental lineage of DCs has been well de-
scribed and a summary of the key features of DC develop-
ment is shown in Fig. 1. DCs arise from a hemopoietic stem
cell in the bone marrow from which an early stage precursor,
the Common Myeloid precursor (CMP), is formed. The
CMP has been shown to give rise to monocytes via the
formation of the Granulocyte/Monocyte precursor (G/M)
or to the Macrophage and DC precursor (MDP) from which
arises the Common DC precursor (CDP). It is generally
believed that the formation of the common DC precursor
demarcates the commitment to a DC-restricted line. Subsets
of DCs, including plasmacytoid DCs (pDC) and conven-
tional DCs (cDC; lymphoid tissue resident and non-
lymphoid/migratory DCs) stem from the CDP (Reis e
Sousa 2006; Liu et al. 2007; Shortman and Naik 2007;
Munn 2010; Satpathy et al. 2011). Very recently, transcrip-
tional network analysis was used to identify specific tran-
scriptional activators whose expression is critical for

commitment to the DC pathway (Miller et al. 2012). A
subset of genes met these criteria, namely, Runx2, Bcl11a
and Klf8. Interestingly; the same genes were identified in the
direct lineage pathway for formation of plasmacytoid DC
(i.e., CDP to pre-pDC) suggesting that the pDC develop-
ment is a default pathway for the CDP. Transcription factors
involved in the development of cDCs from CDP were also
discovered. Miller et al. (Miller et al. 2012) identified a
unique set of genes that were shared by both lymphoid
(CD8+; CD8-) and migratory cDC (CD103+) but were not
shared with tissue macrophages. These genes (Zbtb-46. Flt3,
Kit and Ccr7) were common to cDCs and were not found on
macrophages and thus may be helpful to differentiate
monocyte-derived cells from DC populations more clearly.

In addition to better understanding the lineage of DC
subsets, careful gene analysis provides clues on how to
manipulate DC numbers (Satpathy et al. 2011; Meredith et
al. 2012). For example, changes in expression or levels of
FMS-like tyrosine kinase 3 ligand (Flt3) and is receptor
(Flt3R) have been widely used to alter the available number
of DCs in vivo (Kingston et al. 2009; Satpathy et al. 2011;
van de Laar et al. 2012). Treatment with Flt3 ligand or
knockout of the ligand or its receptor results in dramatic
changes in the number of circulating pre-DC as well as in
plasmacytoid and convent ional DC populat ions
(Maraskovsky et al. 2000; McKenna et al. 2000; Waskow
et al. 2008; van de Laar et al. 2012). It is important to realize
however, that Flt3 receptor/ligand interactions can be inde-
pendently regulated. Recent studies by Singh et al. (Singh et
al. 2012) have implicated prostaglandin E2 and the EP1 and
EP3 receptors in the regulation of Flt3 receptor and of Flt3
ligand’s action on the common DC precursor and on pre-
DCs. They show that PGE2 is a positive regulator for DC
cell development and that reducing PGE2 decreases the
effectiveness of Flt3 ligand. This important finding has
significant implication for the role of cyclooxygenase
(COX1 and COX2) in DC -based immunity in the brain
and the potential effects of long-term non-steroidal anti-
inflammatory use on DC cell numbers. IL-2 has also been
shown to block Flt3 mediated development of pDCs and
cDCs as well as altering the functional characteristics of
these cells (Lau-Kilby et al. 2011).

Dendritic cells and the brain

Location of dendritic cells in the brain

The expression of CD11c and MHCII are commonly used to
identify the presence and location of DCs in the brain.
Matyszak et al. in the early 90’s (Matyszak et al. 1992;
Matyszak 1998; Matyszak and Perry 1998) and later
Bulloch and colleagues (Bulloch et al. 2008) described a
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population of macrophages that had morphological and
antigenic characteristics of dendritic cells (CD11c immuno-
positive – CD11c+) in the brain. These cells were found, for
example, within the interstitium (stroma) of the choroid
plexus between the fenestrated capillaries and the basal
surface of the choroid epithelium (ependyma) The choroid
plexus arises as an invagination of the brain ventricles and is
one of the areas where blood is in close proximity to CSF.
This area of the brain is highly secretory and produces
growth factors, peptides, neurotropins and molecules such
as transthyretin (TTR) that binds to and stabilizes other
proteins (Johanson et al. 2011). In addition, the choroid
plexus produces copious amounts of water plus solutes thus
providing the CSF fluid. The CSF-blood interface is well
suited to invasion of circulating hemopoietic cells (Fig. 2a).
Unlike other areas of the brain, the blood -CSF barrier does
not rely on endothelial tight junctions in blood vessels to
restrict entry across the endothelium into the stroma
(interstitium) and thus entry to the CSF. The endothelial
cells in this region lack tight junctions, are fenestrated and
lack an astrocyte layer. These anatomical features create a
high degree of capillary permeability. Diffusion of large
molecular weight molecules such as immune complexes or
proteins such as ferritin or horseradish peroxidase that do
not ordinarily permeate brain capillaries are minimally re-
stricted. Instead, the primary barrier for passage of material
is the epithelial layer and the tight junctions between epi-
thelial cells (Johanson et al. 2011). As a result, the stromal
interstitium between the basement membrane of the epithe-
lium and the capillary basement membrane is known to
accumulate large macromolecules (Hurley et al. 1981).
This region is ideal for antigen trapping by antigen present-
ing cells such as cDCs or pDCs. Furthermore, the stromal
layer is replete with phagocytic macrophages that have the
capability of antigen presentation (Graeber and Streit 1990;
Matyszak et al. 1992; McMenamin 1999).

The epithelial surface of the choroid layer facing the CSF
and CSF, itself, also contain DCs (Serot et al. 1998;
McMenamin 1999; Serot et al. 2000). Using conventional
confocal microscopy and environmental scanning electron
microscopy (ESEM)- that allows imaging of wet tissue with
low or no vacuum (McMenamin et al. 2003; Mestres et al.
2011), McMenamin (McMenamin et al. 2003) showed nu-
merous MHCII+/CD11c+DCs lining the outermost aspect
of the villi and within the intervillar spaces in rat. Newer
studies using fluorescently tagged cells have now confirmed
the presence of DCs in the choroid plexus, particularly in the
lateral ventricles. Prodinger et al. (Prodinger et al. 2011)
used mice that expressed GFP under control of the CD11c
itgax gene promoter to show GFP-CD11c+cells within
white matter, most notably, the fimbria, fornix, corpus cal-
losum and spinal tracts. Preferential location of injected DCs
to white matter tracts was previously shown by Carson et al.
(Carson et al. 2006). The close proximity to the choroid
plexus epithelial surface and to newly-forming CSF sug-
gests that DC in this location are likely to function as
sentinels for foreign and self antigens. In addition, DCs in
this location have been shown to respond to immune sig-
nals, show differences in activation state with disease and
migrate to cervical lymph nodes (Pashenkov and Link 2002;
Carson et al. 2006). For example, treatment of DCs derived
from human blood (monocyte-derived DCs) with CSF
taken from patients with neurological diseases such as
Multiple Sclerosis (MS) altered their functional phenotype
(Pashenkov et al. 2002a, b).

CD11c+cells are also found in the perivascular spaces of
the brain. The perivascular space is the interstitial space
located between the basement membrane of the glia limitans
(astrocyte endfeet) and the basement membrane of the cap-
illary endothelial layer (Fig. 2b). Both basement membranes
contain substantial amounts of collagen IV which can be
used to identify these layers (Prodinger et al. 2011). Unlike

Fig. 1 Generalized diagram dendritic cell subtype lineage. Red letters- transcription factors required for that pathway. # - dependence of lineage on
GM-CSF; * - dependence of lineage on Flt3, ^- dependence of lineage on M-CSF
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the choroid plexus, the tight junctions between capillary
endothelial cells serve to restrict movement of solutes from
the blood to the brain. This is the site of the blood brain
barrier. The perivascular space then lacks the same blood
protein access as found in the choroid. However, injection of
tracers into the brain’s parenchyma clearly demonstrates that
the perivascular region is a lymph-like drainage system in
the CNS. As recently described by Weller et al. (Weller et al.
2009) interstitial fluid from the brain’s parenchyma drains
along the basement membranes of capillaries, ultimately
reaching cervical lymph nodes in the neck. The perivascular
drainage region contains tissue debris and soluble antigens
that are available to DC cells for antigen presentation.
Expression of MHCII on cells in the perivascular region
has been observed for a number of years and is primarily
localized to macrophages (also known as perivascular
microglia) and an occasional DC (Fig. 2b) (Hickey and
Kimura 1988; Sasaki et al. 1996; Perry 1998). In
Prodinger’s studies they used a combination of thin section
electron microscopy and fluorescent microscopy to demar-
cate the borders between the vascular wall, perivascular
space and the juxtavascular brain parenchyma. The results
of these experiments clearly show ramified CD11c+cells
predominantly located around blood vessels in the brain
parenchyma near the vessel (juxtavascular), with sparse
GFP expressing CD11c+cells in the perivascular space.
Juxtavascular CD11c+DC were found in slice cultures as
early as 3 days postnatal. Interestingly, ramified CD11c
+DCs in the juxtavascular parenchyma extended processes
to the outer layer of the perivascular space (the glial limi-
tans). These processes were found between adjacent astro-
cyte end feet and abuted the glial limitans basement

membrane directly. The presence of CD11c+DC cells situ-
ated between the brain parenchyma and the perivascular
space allows these cells to potentially sample antigens from
two compartments and to present antigen from the paren-
chyma to T-cells within the perivascular space. The location
and action of these brain CD11c+DCs is reminiscent of
subsets of CD103+CD11b+DC located at the mucosa/epi-
thelial cell layers in the gastrointestinal tract. Interestingly,
DC cells in the GI have been show to extend processes
between adjacent epithelial cells in the mucosal lining with-
out compromising the tight junction nature of the cellular
barrier (Lelouard et al. 2012). These extensions sample the
gut lumen and signal appropriate adaptive immune
responses (Chieppa et al. 2006; Rescigno et al. 2008). In
this case, the response is immunosuppressive (Denning et al.
2007; Hume 2011). However, the controversy over the
specific cell type still looms large in the lamina propria of
the gut as is does for the CNS. New data on CX3CR1
expression suggests that there are 2 populations of cells,
one a true migrating DC that is CX3CR1-negative and the
second, a macrophage that is CX3CR1-positive. Niess et al.
(Niess and Reinecker 2005) have shown that CX3CR1
expression is critical for the formation of the transepithelial
processes. These data are reviewed by Hume (Hume 2011)
and Pabst and Bernhardt (Pabst and Bernhardt 2010) and
indicate that the cells in the lamina propria of the GI are
macrophages.

Origin of brain DCs

Dendritic cells are best described as a heterogeneous popu-
lation of cells that differ in tissue location, migratory ability

Fig. 2 Location of DCs in steady state brain. a diagram of the location of DCs around blood vessels in the brain. Diagram of the location of DCs at
the choroid plexus-CSF interface
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and functional outcome. As discussed above, DCs are
known to arise from a common myeloid, FMS-related tyro-
sine kinase-3 (Flt3) receptor –positive, hematopoietic pro-
genitor. During subsequent stages of development these
newly forming DCs enter lymphoid and/or non-lymphoid
tissue via the circulation to take up residence in that tissue.
(The readers are referred to several excellent reviews for
more detailed information on the development of DCs from
bone marrow precursors (Reis e Sousa 2006; Liu et al. 2007;
Shortman and Naik 2007; Sathe and Shortman 2008;
Steinman 2012). For the adult brain, circulating DC precur-
sors (pre-DCs) are a likely source of DCs under normal
(steady state) conditions. Their juxtavascular location fur-
ther supports the idea that brain DCs come from a vascular
source and are not derived from within the brain. This was
elegantly shown to be true by Anandasabapathy et al.
(Anandasabapathy et al. 2011) using Flt3 ligand –treatment
t o expand the DC popu l a t i on . I n the i r s t udy
Anandasabapathy identified an Ftl3 ligand-sensitive popu-
lation of fluorescently labeled CDllc+(EYFP-CD11c+) cells
using two-photon microscopy. Increased numbers of EYFP
cells were found in the meninges and the choroid plexus
after Flt3 treatment while no change was found in EFYP
cells in brain parenchyma. Flow cytometry on brain lysates
and on isolated meninges further demonstrated that the
sparse EFYP positive cells in the parenchyma were micro-
glia, expressing a CD45Int, CD11c Lo, MHCII negative
antigen profile. In contrast, EFYP cells in the meninges
were CD11cHi, CD45Hi and MHCII positive and were
expanded in number by ligand treatment. To further under-
stand the functional differences, meningeal DCs were puri-
fied and the ability to present antigen was compared in vitro
to microglia and to splenic DCs. As predicted, the DC
populations induced proliferation of allogeneic T-cells but
microglia were unable to perform this function. Finally,
gene analysis of meningeal DC vs splenic DC showed a
high degree of similarity while microglial gene expression
profiles were not similar. The authors conclude that the
endogenous DCs in normal brain are most likely to arise
from pre-DCs that enter the brain perivascular regions at an
early stage.

Functional DC subsets in the brain

Immature vs mature; pDC vs cDC

The ability for DCs to carry out their dual functions as
sentinels and as priming/regulatory agents for an adaptive
immune response depends on the migration of preDCs from
the bone marrow to strategic surveillance sites in tissues. For
the brain, these sites are the primary drainage areas for the
brain’s interstitial fluid, the perivascular space and the

choroid plexus/CSF. Two primary subsets of preDCs, that
is, pDC and cDC, seed non-lymphoid tissue from the bone
marrow. These newly recruited pDC or cDC are said to be
“immature” and achieve a “mature” state in response to
environmental signals (Reis e Sousa 2006). Clear differ-
ences exist between the immature and mature DC and these
characteristics are summarized in Table 1 (Austyn et al.
1988; Larsen et al. 1990; Lin et al. 1998; Cools et al.
2007). “Immature” DCs demonstrate an organized cytoskel-
eton and reduced motility and at the same time show in-
creased expression of surface receptors such as Fc and
mannose receptors (MMR, CD206) (Table 1). Since uptake
of cellular debris or other antigens is critical for the antigen
presentation process, increased receptor numbers are essen-
tial to the enhanced degree of endocytotic activity and
increased phagocytosis commonly observed in immature
DC (Satthaporn and Eremin 2001; Wong et al. 2004;
Shortman and Naik 2007). However, the expression of co-
stimulatory molecules that are required for full T-cell acti-
vation is low or incomplete. These combined features lead
to efficient antigen capture but are not associated with full
antigen presentation within the context of MHCI or II-
mediated T-cell interaction. Thus it is generally believed
that immature DCs are not fully capable of priming naïve
T-cells and are unlikely to generate an immune outcome in
this maturational stage (Reis e Sousa 2006). They are,
however, excellent sentinels. A distinction also has to be
made between immature DCs and other antigen presenting
cells. Tissue macrophages can show many of the same
characteristics in the steady state as immature DCs. In the
brain, parenchymal and perivascular microglia are well
known to present MHC class II molecules, to express Fc
and mannose receptors, and to express co-stimulatory mol-
ecules. As pointed out by Carson and others (Carson et al.
2006; Melchior et al. 2006; Ransohoff and Cardona 2010)
however, the level of expression of these molecules by
parenchymal microglia is low or restricted to intracellular
compartments. Furthermore, neurons are liberally equipped
with both direct-contact and soluble inhibitory mechanisms
that inhibit microglial immune activity (reviewed by
(Ransohoff and Cardona 2010). The inherent down-
regulation of microglia in the brain parenchyma coupled
with the unique derivation of microglia from egg yolk sac,
suggests that microglia may be less efficient APCs then a
monocyte/macrophage derived APC such as perivascular
microglia. Thus while microglia may perform immune sur-
veillance, their actions to link innate and adaptive arms
appear different then APCs in other tissues. It is currently
believed that the major role of brain APCs is to re-stimulate
activated T cells during their entry into the brain (Goverman
2009; Ransohoff and Cardona 2010). Re-stimulation by
perivascular APCs is known to be a factor in Multiple
Sclerosis (MS) in humans and in experimental allergic

J Neuroimmune Pharmacol (2013) 8:145–162 149



encephalitis (EAE), a demyelinating disease in rodents that
resembles multiple sclerosis (MS) (Greter et al. 2005; Bailey
et al. 2007; Cassan and Liblau 2007; Goverman 2009).

The plasmacytoid DC (pDC) is a classic example of an
immature DC and is observed in the human and rodent brain
(Bailey-Bucktrout et al. 2008; Lande et al. 2008). PDC are
highly secretory cells and their principal product is interfer-
on type 1 (IFNα/β) which is rapidly secreted in response to
TLR7 or TLR9 activation (Swiecki et al. 2011; Wang et al.
2012). TLR7 (responds to single stranded RNA) and TLR9
(responds to DNA with un-methylated CpG) are intracellu-
lar pathogen receptors that sense RNA or DNA, particularly
from viruses. Consequently, the rapid production of IFNα/β
is a critical step in establishing the brain’s immune response
to viral infections such as vesicular stomata virus (VSV) or
HIV, or to induction of experimental autoimmune encepha-
lomyelitis (EAE) or to sterile injury (Fiette et al. 1995; van
den Broek et al. 1995a, b; Honda et al. 2005; Benveniste and
Qin 2007; Schmidt et al. 2009; Wang et al. 2010; Salem et
al. 2011; Wang et al. 2012). The close relationship between
IFNα and IFNβ results in multiple overlapping functions
(hence the frequently used abbreviation IFNα/β). IFNα has
at least 23 subtypes and is critical to the reduction of viral
load, in part by up regulating antigen presentation and
increasing T cell responses and natural killer cells (Gibbert
et al. 2012). IFNβ has actions more directed at quelling the
inflammatory response, including decreasing macrophage/
microglia mediated phagocytosis, TNFα production and
MMP9 activity (Benveniste and Qin 2007). Both, however,
act via the same receptors. The response to interferon, then,
depends on the expression levels of the IFNα/β receptor
(IFNAR), and on the expression of IFR3, IFR7 or IFR9
(IFN regulatory factor (IFR) transcription factors) (Suh et
al. 2009). Increased IFR7 and IFR9 expression levels are
frequently used as surrogate markers for the presence of
type 1 interferons. In the case of VSV, Detje et al. (Detje
et al. 2009) used IFNAR knock out mice to show the

dependence of the disease process on IFNα/β signaling.
Since an influx of pDC or macrophages that produce type
1 interferon was not observed under these conditions, a
local, unknown cellular source (possibly astrocytes) for type
1 interferon was proposed (Detje et al. 2009). Wang et al.
(Wang et al. 2011) have shown increased INFβ in astrocytes
surrounding motor neurons in amyotrophic lateral sclerosis
(ALS). For HIV and for EAE, however, type 1 interferon -
secreting cells from outside of the brain (possibly invading
pDC) are thought to be involved.

Although pDC represent only about 4 % of the invading
CD11c+cells (Melton et al. 2010) their importance to sup-
pressing pathology is clear. Bailey-Bucktrout et al. (Bailey-
Bucktrout et al. 2008) have shown that depletion of pDC
using a monoclonal anti-PDCA-1 antibody resulted in sig-
nificant worsening of EAE symptomology. Reconstitution
with pDC returned the clinical scores to the control levels.
The authors have suggested that Type I Interferon produc-
tion by the influx of pDC helps to restrict the autoimmune
response that is characteristic of the disease process. Studies
by Prinz et al. (Prinz et al. 2008) and Guo et al. (Guo et al.
2008) further support the protective nature of myeloid cell-
derived type 1 interferon in EAE although through differing
mechanisms. For Prinz, type 1 interferons decrease lethality
in EAE mice by suppressing chemokine expression, reduc-
ing phagocytosis of myelin products and reducing MHCII
expression. Guo et al. demonstrated that inhibition of T-helper
17 (IL-17) cell development was a primary factor in type 1
interferon-mediated suppression of EAE. Interestingly, pDC
also express the immunoregulatory enzyme, indolamine diox-
ygenase (IDO) (Munn et al. 2004; Sharma et al. 2007). IDO
has been shown to facilitate immunosuppression by activating
T-regs and by blocking the production of Th-17 cells (Baban
et al. 2009). On the other hand, prolonged or overproduction
of IFNα by pDC can be damaging, either directly by killing
T-cells that are critical to reducing infection or by secreting
chemokines which may further attract T-cells to the brain

Table 1 Characteristics of immature and mature dentritic cells

Immature DC Mature DC

Highly organized cytoskeleton, rounded morphology Large number of processes

High endocytosis, active phagocytosis Low CD68, low to no phagocytosis

Expresses mannose receptor Decreased antigen uptake
Efficient antigen captured

Low or Incomplete expression of co-stimulatory molecules Express co-stimulatory molecules-CD80 (B7,1); CD86 (B7,2)

Intracellular MHC rather than surface expression; non peptide loaded High surface expression of MHCII, peptide loaded for presentation

High CCR5: Low CCR7 chemokine Low CCR5; High CCR7 chemokine pattern, migratory
Pattern, non-migratory

Not capable of T-cell priming Provided signals for T-cell priming

High levels of intracellular cystatin C Decreased intracellular levels of cystatin C but high levels of
secreted cystatin C
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(Swiecki and Colonna 2010). Interestingly, pDC lose their
ability to produce IFNα on maturation and switch to a state
that includes T-cell regulation (Morelli and Thomson 2007).
Hadeiba et al. (Hadeiba et al. 2012) have recently shown that
pDC expression of the chemokine receptor, CCR9, is charac-
teristic of mature pDCs. Inflammatory signals can block this
process and prevent the expression of CCR9.

It is important to note that interferons are now increas-
ingly used as therapies for human disease. Synthetic IFNα,
for example, has been developed to treat acute viral diseases
such as severe acute respiratory syndrome coronavirus
(SARS) (Loutfy et al. 2003; Ward et al. 2005). Interestingly
the SARS virus as well as other viruses such as influenza A or
Herpes simplex virus attack and block IFN processes includ-
ing the receptor and IRF3 activity. Perhaps the best known
therapeutic effect of IFNβ is it’s use in treatment of multiple
sclerosis in humans. Here, the anti-inflammatory effects of
IFNβ have been harnessed to reduce the pro-inflammatory
damage found in either mouse models of MS (experimental
allergic encephalomyelitis (EAE) or in humans with MS.
However as recently reviewed by Axtel et al. (Axtell et al.
2011) the large number of patients that either does not respond
to IFNβ or whose disease is worsened by IFNβ strongly
suggests that a great deal remains unknown about MS and
IFN’s actions in the CNS.

Mature DCs exhibit specific changes in gene expression
patterns and in functional outcomes as shown in Table 1
(Satthaporn and Eremin 2001; Re and Strominger 2004;
Shortman and Naik 2007). For example, expression of co-
stimulatory molecules is a well-described and critical feature
of mature cDCs that allows the cells to become fully capable
of instructing T-cells. Patterns of chemokine receptors also
change. C-C chemokine receptor 5 (CCR5) expression
levels are reduced while C-C chemokine receptor 7
(CCR7) levels are increased (Shortman and Naik 2007;
Seth et al. 2011). This change facilitates the migration of
antigen- carrying DCs from non-lymphoid tissue to lym-
phoid sites where they interact with either naïve T-cells or
re-activate self-reactive T-cells. The movement of sentinel
DC’s from their home tissue to lymph nodes where T-cells
await is critical to the immunostimulatory function of DCs.
Thus, the apparent inability of brain DCs to migrate to
lymphoid tissue is problematic. Early studies on the brain’s
lymph system supported the idea that the lack of migration
was due to the lack of lymphatic drainage. By injecting
labeled myeloid DCs intrathecally into mouse brain,
Carson et al. (Carson and Sutcliffe 1999; Carson et al.
2006) however, clearly demonstrated that cultured myeloid
DCs were able to migrate to cervical lymph nodes from
within the brain. Labeled DCs were found in the meninges
and subarachnoid spaces but interestingly, also, in brain
parenchyma along myelin tracts such as the corpus cal-
losum, striatum and fimbria. These data are consistent with

Weller’s analysis of lymphatic drainages in the brain but do
not firmly prove that endogenous brain DCs migrate along
the same paths. Another mechanism that may compensate
for the restricted migration of brain DCs is the presence of
other APCs, such as perivascular microglia, that may move
to peripheral lymph nodes. However, microglia are unlikely
to traffic to the periphery (Byram et al. 2004). Alternatively,
soluble antigens (such as Aβ peptides) that move along the
perivascular drainage toward lymph nodes may provide the
antigen itself by directly draining to lymphoid tissue (Carare
et al. 2008; Weller et al. 2009).

As proposed by Greter et al., DCs cells in the brain may
inherently be non-migratory and carry out their function
without moving to lymphoid tissue (Greter et al. 2005;
Goverman 2009). The brain microenvironment, in part,
may dictate this characteristic. For example, Ganea and
colleagues (Vassiliou et al. 2008) have shown that exposure
to local tissue factors such as resolvin E1, a lipid metabolite
derived from eicosapentaenoic acid, alter DC chemokine
expression and restrict migration of DCs to the site of
infection. These and related active lipids have been recently
shown to reduce inflammatory pain via an action on spinal
cord pathways indicating they are found in the CNS (Xu et
al. 2010). In addition, lipid accumulation by DCs reduce the
ability of the cells to process antigens, further suggesting
that the inflammatory environment alters the normal func-
tional state of DC (Herber et al. 2010). Instead of migrating
out, then, DCs that migrate to the CNS in the steady state
may remain within the CNS during infection or inflammation.
Recently, lymphoid neogenesis has been described in multiple
tissues though out the body including the brain (Cipponi et al.
2012). These lymph node-like structures, called ectopic or
tertiary lymph nodes, form under conditions of chronic infec-
tion and serve to host T and B-cell interactions with APC at a
site close to the infection (Cipponi et al. 2012). Tertiary
lymphoid structures have been found in the CNS particularly
during MS and EAE, most commonly along the meninges
(Peters et al. 2011). Specific chemokines such as CXCL13
and cytokines such as IL-17 appear to play a role in the
formation of these ectopic sites (Aloisi et al. 2008).
However, the formation of tertiary sites in the brain does not
negate the possibility that brain DCs migrate to the periphery
since CSF DCs have been found in cervical lymph nodes
(Carson et al. 2006). The additional meningeal sites may
simply give the brain the ability to interact with T-cells in
multiple locations.

Effector outcomes: Immunogenic/immunotoxic

The dual necessity for protection against foreign antigens
and for return to homeostasis after injury or infection is an
underlying principle of immunity that is key to survival in
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all animals (Finch et al. 2010). DCs primarily provide pro-
tection through their ability to mobilize and direct the de-
velopment of effector T-cells that are associated with
immune defense. This “immunogenic” response includes
the production of multiple subtypes of T-cells that include
CD8+ cytotoxic T lymphocytes (CTLs) and various classes
of CD4+ helper T-cells with different pro-inflammatory
cytokine profiles. Figure 3 shows the basic categories of
effector T cells including the cytokines/factors that stimulate
their production and cytokines that are produced on stimu-
lation. Excellent reviews are available that describe in detail
the transcription factors and pathways that regulate the
effector action of cells involved in the immunogenic re-
sponse and this topic will not be discussed here (Reis e
Sousa 2006; Haftmann et al. 2012; Josefowicz et al.
2012). It is clear that immunogenic T-cell responses are
critical to rid the CNS of invading organisms as shown for
clearance of sindbis virus from the CNS (Metcalf and
Griffin 2011) or to reduce infection with Taenia solium that
causes neurocysticerosis (Gundra et al. 2011). However, this

“protective” pro-inflammatory armament can be redirected
to generate bystander tissue damage under specific condi-
tions. For example, EAE in mouse and MS in humans are
well-studied examples of immunogenic effector responses
initiated by the adaptive immune response that are directed
against self molecules and produce damage to the CNS
(Fischer and Reichmann 2001; Greter et al. 2005;
Goverman 2009; Munz et al. 2009; Podojil and Miller
2009; Melton et al. 2010). In contrast to T. gondii infection
where the target is an invading organism (in this case a
parasite), in EAE or MS the primary targets are auto-
antigens particularly against myelin proteins. Multiple im-
munogenic T-cells (for example, CD4+ Th1, CD4+Th17
and/or CD8+ CTL T-cells) enter the CNS at different sites
including the meninges, subarachnoid space, perivascular
spaces and, as recently demonstrated, the 5th lumbar region
of the spinal cord (Goverman 2009; Arima et al. 2012).
T-cells expressing self-antigens against myelin proteins
(most commonly myelin basic protein) are re-activated by
APCs that have low avidity for the auto-antigens.

Fig. 3 Subtypes of helper T-cells generated by the interaction of DCs
with naïve T-cells. DCs produce cytokines (open boxes) that direct
development of T-cell subtypes (darkly filled boxes). Examples of the

cytokines produced by the T-cell subtype are shown in the lightly filled
boxes. Transcriptional factors are in italics

152 J Neuroimmune Pharmacol (2013) 8:145–162



Circulating or brain restricted DCs can carry out this func-
tion but microglia or perivascular microglia are also capable
of fully activating the invading immunogenic T-cells
(Fischer and Reichmann 2001; Byram et al. 2004; Karni et
al. 2006; Goverman 2009; Ransohoff and Cardona 2010).
Reactivation, rather than direct activation, is most likely to
occur. As described by Goverman (Goverman 2009) for
multiple sclerosis, a high avidity T-cell for a self antigen
such as myelin basic protein (MBP) ordinarily leads to
removal of the T-cells expressing the self antigen-MHC
complex through central tolerance. However, low avidity
T-cells against self antigens may escape the elimination
process and become available for later re-activation as a
component of auto-immunity in diseases such as MS.

Interestingly, auto-reactive T-cells may be beneficial to a
damaged CNS. Schwartz and colleagues (Schwartz et al.
1999; Kipnis et al. 2002; Walsh and Kipnis 2011) support
the view that autoimmune T effector cells are critical to
neuronal survival after injury or stress. For example,
Cohen et al. (Cohen et al. 2006) showed that mice with
severe combined immune deficiency (SCID mice) demon-
strated more severe behavioral deficits with stress compared
to normal mice. At least part of this effect was due to the
lack of autoimmune T-cells against myelin proteins. This
apparently contradictory view has been shown for optic
nerve crush, for EAE and more recently for AD and clearly
underscores the complexity of T-cell action in CNS disease
(Moalem et al. 1999; Schwartz et al. 1999; Fisher et al.
2001; Ethell et al. 2006; Koronyo-Hamaoui et al. 2009).

Effector outcomes: Tolerogenic/Immunosuppressive

DCs participate in tolerogenic mechanisms by interacting
with naïve T-cells to generate at least 2 different types of
T-cells that can limit the extent and duration of an adaptive
immune response. These mechanisms incorporate CD4
+Th2 effector T-cells and CD4+Foxp3+ regulatory T-cells
(T-regs), both of which have been well described (Vignali et
al. 2008; Shevach 2009; Wilson et al. 2011) (Fig. 3). Th2
cells generate and secrete immunosuppressive, anti-
inflammatory cytokines such as IL-4, IL-10, IL-13 and IL-9
that quell the pro-inflammatory activity of local macrophage
populations at sites of inflammation (Varin and Gordon 2009;
Wilson et al. 2011). In addition, these effector cells mobilize
and recruit eosinophils as well as induce their maturation and
regulate class switching from IgG1 to IgE. Th2 cells are also
required for the maintenance of alternatively activated macro-
phages during parasitic infections or during tissue injury
(Loke et al. 2007). Similarly to Th2 T-cells, regulatory
T-cells (CD4+Tregs) are also critical to limiting the tissue
response to infection. They function in the CNS to down
regulate the immune response by secreting IL-10, and by

either inducing anergy (i.e., killing) or reducing the ability of
effector T-cells to respond. In some cases, entry of effector
T-cells into the tissue may also be blocked. T-regs like Th-2-
cells are most commonly generated in the peripheral lymph
nodes in response to “activated” DCs and carry out their
immune function in the periphery. However, T-regs can travel
to the CNS. McGeachy et al. (McGeachy and Anderton 2005;
McGeachy et al. 2005) showed that T-regs accumulated in the
brain in animals subjected to EAE. They further showed that
depletion of the brain’s T-reg population worsened the disease
process while adding isolated CNS T-regs to animals with
EAE was beneficial. Importantly, T-regs isolated from the
brain have unique properties, most likely due to their exposure
to the brain’s microenvironment. O’Connor et al. (O'Connor et
al. 2012) have recently reported that T-regs found in EAE
mice brain are resistant to IL-6, through down-regulation of
the IL-6 receptor. This effect helps to maintain an immuno-
suppressive, tolerogenic effector outcome by preventing the
T-reg cells from producing IL-17 (Zhang et al. 2008). IL-17 is
a T-cell- produced pro-inflammatory cytokine that worsens
tissue damage by inducing cytokines that call in activated
macrophages and by enhancing the activity of TNFα and
IL-1β (Fletcher et al. 2010). IL-17 is also a key cytokine
involved in autoimmune diseases throughout the body
(Ambrosi et al. 2012). It is believed that changes in the pro-
inflammatory microenvironment during EAE or MS promote
IL-17 which is then countered by altered resistance to IL-6.
Unlike the brain, T-regs from peripheral lymph nodes appar-
ently retain the ability to generate IL-17. Finally, T-regs have
also been shown to reduce the activity of CD8+ effector cells
in the CNS (Gobel et al. 2012), further demonstrating a wide
range of protective activities of these immunosuppressive
cells.

Microenvironment regulation of DCs

It is clear from the above discussions that the localized
environment in which the DC-T-cell interaction takes place
allows a subtle interplay between the disease process and the
immune response. The diverse inflammatory conditions are
a prime factor in the initiation of maturation of DCs and can
orchestrate or modify the immunogenic or tolerogenic/im-
munosuppressive outcomes. These disease or injury-specific
signals interact with pattern recognition receptors on DCs to
initiate a variety of maturation programs (Reis e Sousa
2006, 2011). The signaling pathways that are activated
facilitate endosomal acidification and the degradation of
the ingested protein antigens and the MHCII components
(Trombetta et al. 2003) (Table 1). Beyond these specific
functions, the activation signals appear to be critical to
directing the downstream maturation process that allows
DCs to shape T-cell fates.
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DCs respond directly to pathogens such as bacteria or
virus, to specific carbohydrate groups (glycans) and to cyto-
kines or interferons that are indirectly released during an
injury or inflammatory process (McMahon et al. 2006;
Mollen et al. 2008; Boele et al. 2009; Mascanfroni et al.
2011). The timing of expression and the mixture of the
corresponding receptors expressed on the surface dictate
the overall response of the DC, that is, if the effector out-
come will be immunogenic or immunosuppressive. An ex-
cellent example of the complex duality of DC activation is
shown by the exposure of DCs to prostaglandins E2
(PGE2). PGE2 is a cyclooxygenase metabolite of arachi-
donic acid and is a member of the eicosanoid family. The
presence of PGE2 and TNFα, commonly found in inflam-
matory environments, induces DC maturation that leads to
Th-1 cells and an immunogenic outcome. However, depend-
ing on which PGE2 receptor is involved, the actions of
PGE2 can be the opposite (Milatovic et al. 2011).
Obermajer et al. (Obermajer et al. 2011) demonstrated that
exposure to PGE2 early in the maturation process produces
an immunosuppressive DC phenotype that included the
expression of arginase 1, IL-10 and indolamine oxygenase
(IDO). In addition, this immunosuppressive phenotype
inhibited CD8 cytotoxic T-cells. Other cytoactive compo-
nents found in inflammatory environments can promote an
immunosuppressive/tolorgenic DC phenotype and outcome.
These include neuropeptides such as vasoactive peptide
(VIP) and pituitary adenylate cyclase activating polypeptide
(PACAP) (Delgado et al. 2005a, b; Gonzalez-Rey and
Delgado 2005), Neuropeptide Y (NPY) (Zukowska et al.
2003; Prod’homme et al. 2006) and somatostatin (Herberth
et al. 2006). The levels of these neuropeptides are altered in
many brain diseases. For example, at autopsy NPY neurons
were shown to decrease in humans with AD and in the CVN
mouse model of AD suggesting that loss of these factors late
in disease may contribute to an inflammatory profile. (Chan-
Palay et al. 1986; Wilcock et al. 2008)

An additional class of cytoactive agents that activate DCs
and other APCs is the alarmins, a diverse group of immune
mediators that include defensins, eosinophil derived toxins
and damage associated molecular patterns (DAMPS) such
as high mobility group box-1 (HMBG -1) and ATP.
Defensins are a proteotypic alarmin and are rapidly induced
by cytokines and interferon type 1 and type 2 at sites of
inflammation (Yang et al. 2007, 2009). In general, they
function to recruit immature DCs and phagocytes to the
injury site, to promote antigen presentation by inducing
maturation of DC and to facilitate DC migration to lymph
nodes by changing the chemotactic receptor profile of DCs.
Defensins also act as an anti-microbial agent to kill or
inactive infectious agents and are considered part of the
anti-microbial peptide family (AMPs) (Zaiou 2007). In an
interesting study, Soscia and colleagues (Soscia et al. 2010)

have shown that Aβ peptide acts as an antimicrobial “defen-
sin-like” molecule and in addition, is capable of killing or
inactivating pathogens. These data would suggest that the
delivery of Aβ to the perivascular space and to the CSF may
promote maturation of immature DCs located in these
regions of the brain.

While defensins are released primarily from epithelial
cells, HMG proteins, a subtype of damage associated mo-
lecular patterns (DAMPS), are released from badly injured/
dying cells or from sterile injuries such as cerebral ischemia
(Rubartelli and Lotze 2007). ATP is another principal factor
released during injury, although the levels released will
depend on how much ATP was used by the dying cell.
Apoptosis but not necrosis requires ATP (Leist et al.
1997). ATP is also released normally during synaptic trans-
mission but excessive activity as seen in excitotoxicity can
result in ATP signaling to the immune system (Koles et al.
2011). Microglia, macrophages and DCs express varied
complements of P2X or P2Y purinergic receptors that me-
diate the ATP response. Receptor binding produces activa-
tion of the inflammasome as well as the primary pro-
inflammatory cytokines, IL-1 and IL-18 (Miller et al.
2011; Rock et al. 2011). Interestingly, ATP can be metabo-
lized to adenosine by the sequential enzymatic action of
nucleoside triphosphate diphosphohyrdolase and 5′ribonu-
cleotide phosphohyrdolase. Adenosine receptors on the
membrane of microglia, DC and T-cells respond to adenosine
to produce a strong anti-inflammatory signal. This signal
includes increased production of IL-10, direct inhibition of
LPS mediated events and decreased T-cell proliferation
(Drygiannakis et al. 2011). Again, immunotoxicity or immu-
nosuppression is dictated by the brain’s microenvironment.

Can microglia become dendritic cells?

Recent studies on the ontogeny of microglia have signifi-
cantly altered our understanding of their origin and ulti-
mately, of their function. Data from Ginhoux et al.
(Ginhoux et al. 2010) show that microglia arise from an
embryonic cellular source that is distinct from bone marrow
derived -monocytic cells. In other words, microglia arise
from a second, mononuclear phagocyte lineage that is ap-
parently different from cells of the bone marrow -derived
lineage. This concept has been strengthened very recently
by the discovery that Kupffer cells, Langerhans cells and
pleural lung macrophages are similarly derived from the
yolk sac- based precursors rather than bone marrow stem
cells. While there are clearly many similarities between the
two cell lineages, Schulz et al. (Gomez Perdiguero et al.
2012; Schulz et al. 2012) have shown several unique char-
acteristics of macrophages derived from yolk sac compared
to those derived from hemopoietic stem cells. The primary
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differences are 1) the lack of dependence on the proto-
oncogene, myb, in the development of the yolk sac precur-
sor, 2) the expression by lineage cells of the transcription
factor maf, and of the chemokine receptor, CX3CR1, 3) high
expression of F4/80 and 4) low Flt3 expression indicating a
restricted dependence on Flt3 ligand for expansion. Data
also suggest that the expression of myeloperoxidase
(MPO) in DC may be restricted to yolk sac lineage cells
(Scholz et al. 2004). The addition of this separate, indepen-
dently renewable line of macrophagic cells in the body adds
an interesting twist to our ability to distinguish the cell types
that participate in the brain’s immune response, including
the possibility that microglia can form DCs that are unique
when compared to hemopoietic lineage DCs.

Whether microglia or perivascular microglia/macro-
phages can become DCs remains unresolved. The conver-
sion of monocytes/mononuclear phagocytes to a DC-like
cell, often termed “inflammatory” DCs, has been a contro-
versial idea, but is now generally accepted. The discovery
that mononuclear phagocytes could generate DCs was orig-
inally made because of the scientific need for isolation of
large populations of cDCs (Romani et al. 1996). This was
accomplished by treatment of monocytes in culture with
GM-CSF usually in combination with cytoactive factors
such as TGFβ, IFNγ or IL-4. Monocytes treated in this
manner produce DC-like cells that, on maturation, present
antigen, express CD11c and can migrate to lymph nodes
(van de Laar et al. 2012). Part of the controversy surround-
ing the firm identification of these cells as DCs has stemmed
from the non-selectivity of CD11c as a DC marker. In
addition, questions were raised about the translation of the
in vitro finding to an in vivo condition. The recent use of
genetic strains of mice expressing Lysozyme M coupled to
EGFP strongly imply that DCs do not arise from monocytes
under normal conditions but do arise from monocytes on
exposure to an inflammatory environment. (Liu et al. 2007;
Hume 2008a, b; Jakubzick et al. 2008; Geissmann et al.
2010a; van de Laar et al. 2012).

A number of studies have used similar in vitro culture
and differentiation techniques to demonstrate that microglia
express markers of DCs. Fischer and Reichman (Fischer and
Reichmann 2001) cultured adult brain microglia in the pres-
ence of GM-CSF for 6 days and found CD11c+cells within
the cultured microglia. They further showed that the CD11c
+cells were capable of T-cell stimulatory activity. Butovsky
et al. (Butovsky et al. 2007) confirmed these observations
by demonstrating a similar increase in CD11c expression for
IL-4 or IFNγ-treated cultured microglia. In vivo confirma-
tion has been obtained using flow cytometry on cell pop-
ulations in diseased brain. In their study Beena et al. (Beena
2011) used brain lysates from mice infected with
Toxoplasma gondii compared to uninfected mice. As judged
by surface antigen profiles, the primary cell type expressed

in normal, non-infected mice were typical of microglia.
However in infected brain, multiple subtypes of CD11c
+DCs were found. DC function was also tested by detecting
increased proliferation of OT1 T-cells which are CD8+ T-
cells prepared from a transgenic mouse (Wright et al. 2005).
Thus, the combination of CD11c expression with the func-
tional outcome supports the premise that microglia may be
converted to DCs. The future development of unique cell
specific sets of identifying markers will firmly establish
this process for microglia, which is particularly important
(as stated above) since microglia are not derived from the
same hemopoietic precursors as monocytes.

Functions of monocyte/macrophage derived DCs

The maturation of DCs in an inflammatory environment is
an important step in connecting the innate immune response
in that tissue to the adaptive arm. As discussed above, one of
the principle functions of DCs is to instruct T-cells which
then carry out a specific subset of activities. These may be
tolerogenic and thus subdue pro-inflammatory events or
immunogenic and promote toxicity. TIP- DCs (TNFα-
iNOS producing DC cells) are one example of an immuno-
genic monocyte/macrophage derived DC. These cells are
formed during Listeria monocytogenes infection of spleen
or Trynanosoma bruceii infection of the liver. The produc-
tion of TNFα and NO by DCs is a major factor in pathogen
clearance and is in addition to the M1 response associated
with innate immunity. NO is a critical component to the
immunotoxicity, not necessarily because of a direct toxic
effect on the pathogens, but rather though NO’s ability to
regulate specifically the differentiation of Th-1 T-cells.
Niedbala et al. (Niedbala et al. 2006) showed a concentration
dependent increase in Th-1 cell populations in the presence of
NOC-18, a well controlled and specific NO donor. Increased
levels of Th-1 cells were found only at low NO levels while
high levels of NO inhibited T-cell proliferation. High levels
also impaired T-cell trafficking into the infected tissue, de-
creased E-selectin, an adhesion molecule involved in T-cell
entry across membranes and inhibited indolamine dioxyge-
nase (Thomas et al. 1994; Niedbala et al. 2006). Human NO
levels produced by immune activated inducible nitric oxide
synthase (iNOS) are much lower than NO levels found under
similar conditions in rodents (Weinberg et al. 1995; Colton et
al. 1996; Wink et al. 2011). Thus, the effect on Th-1 cells
generated by low NO in humans provides a boost to the
immunotoxic response during inflammatory challenges in
humans. In contrast, for rodents that generate higher levels of
NO, NO’s effects are more varied. Interestingly, formation of
TIP-DCs is dependent in large part on the interaction of CCL2
and its receptor CCR2. CCR2 deficient mice do not show the
formation of TIP-DC in inflamed tissue (Serbina et al. 2003).
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Immunosuppressive DCs also play critical roles in regu-
lating the immune environment in an ongoing immune
response. As described by Mellor and Munn (Mellor and
Munn 2008) immunosuppression can create “immunoprivi-
lege” where the tissue has limited responsiveness to foreign
or self antigens. Immunosuppression is of great value in the
CNS to reduce damage caused by pathogens or by untoward
responses to self-antigens or innocuous substances. Even in
the “resting” state, a number of suppressive mechanisms are
found in the CNS that serve to signal challenges and to
restrain immune responsiveness (Carson et al. 2006;
Ransohoff and Cardona 2010). During disease, however,
multiple types of suppressive cells including pDCs and
polarized macrophages such as alternatively activated
(M2) macrophages play a role in shaping the immune re-
sponse in the complex inflammatory milieu. While immu-
nosuppressive macrophage derived DCs in inflamed tissue
show cellular heterogeneity, there are at least 2 subtypes that
have been routinely identified. These are tumor infiltrating
regulatory DCs (TIDC) and myeloid derived suppressor
cells (MDSC), both of which are contributors to tumor
genesis in the CNS as well as elsewhere in the body.
These subtypes are primarily characterized by their pro-
file of surface antigens and can be reasonably distin-
guished by the expression levels of CD11c, MHCII and
CD33 (Norian et al. 2009; Lechner et al. 2011). TIDCs
express high levels of CD11c, and MHCII with low
levels of CD33 while MDSC express high CD33 but
low to no CD11c or MHCII. As we have discussed,
however, using surface antigens as an identifying crite-
rion alone is problematic. Interestingly, CD33 represents
a family of sialic acid binding immunoglobulin like
lectins (Siglec) which are ITIM (immunoreceptor tyro-
sine based inhibitory motifs) receptors. ITIMS and its
functional opposite, immunoreceptor tyrosine based ac-
tivating motifs, or ITAMS, are expressed on multiple
immune cells including immature and mature DCs, B
cells, activated T cells and natural killer (NK) cells as
well as on many tumor-based immune cells. CD33 is
activated by binding to sialylated glycoproteins or gly-
colipids (collectively called glycans), which are mole-
cules commonly associated with extracellular matrix and
cell surface glycocalyx, although specific binding part-
ners are unknown (Rabinovich et al. 2007b; Walter et
al. 2008a, b; Di Lella et al. 2011; Mascanfroni et al.
2011; Crocker et al. 2012). Along with C-type lectins
and galectins, the large siglec family of receptors is a
rapid evolving, evolutionarily adaptable system that par-
ticipates primarily in immunoregulation. Siglecs respond
to specific brain glycoproteins found in myelin and have
recently been found as a critical gene for AD from the
genome wide association studies on humans with AD
(Kamboh et al. 2012).

The immunosuppressive mechanisms used by TIDC and
MDSC are currently thought to be primarily tolerogenic,
that is, they alter the number and responsiveness of T-
cells, increase the number of T-regs and alter the secretion
of IFNγ, TGFβ or other cytoactive factors that are critical to
the development of immunosuppression (Gabrilovich and
Nagaraj 2009; Gregory et al. 2009; Nagaraj et al. 2009). The
mechanisms to control T-cells used by these cells are the
same as those used by cDCs and T-regs and are primarily
based on nutrient deprivation. For example, increased utili-
zation of arginine by increased expression of Arginase 1 and
increased utilization of tryptophan by increased expression
of indolamine dioxyenase (IDO) both generate amino acid
starvation and are used to kill surrounding cells. A number
of excellent reviews are available for more detailed infor-
mation (Rabinovich et al. 2007a; Kahler and Mellor 2009).
It is important to realize, however that immunosuppressive
DCs themselves can also influence surrounding tissue by
mediating the production of anti-inflammatory cytokines
and other immunosuppressive pathways. Furthermore as
shown particularly in tumors, the population of immuno-
suppressive cells increases significantly in the affected tis-
sue thereby promoting immune protection of the
“immunogen”, i.e., the tumor cells, rather than immune
mediated clearance (Sinha et al. 2005a, b; Gabrilovich and
Nagaraj 2009).

Final thoughts

The description of the CNS as “immune privileged” was
based on the blood brain barrier and the normally low
immune responsiveness of the brain and spinal cord. There
are clearly a number of inherent mechanisms involved in
this specialized status and DCs participate in preserving
privilege while also fighting infections and responding to
injury. Similarly to the innate immune response, antigen-
specific directed-responses by DCs provide both defense-
based killing mechanisms and counter -regulatory “brakes”
to the system. Also similarly to the innate response, both the
defense and protection can be exploited or corrupted.
Imperfections in either side can be useful but also create
disease. For example, decreasing the strength of the immu-
nogenic response by shifting the balance to immunosuppres-
sive effectors as seen in Theiler’s murine encephalomyelitis
virus (TMEV-a type of demyelinating disease) infected SJL/
J mice, promotes disease (Richards et al. 2011). Although
initial toxicity is decreased, the increased immunosuppres-
sive pathway (in this case T-regs that kill CD8+ T-cells)
does not eliminate virus but instead slows the time course of
disease, changing from an acute to a chronic profile.
Whether the effect is located to lymphoid tissue outside of
the CNS, to tertiary lymphoid tissue within the CNS or to

156 J Neuroimmune Pharmacol (2013) 8:145–162



the brain parenchyma, the importance of this finding to
chronic CNS disease cannot be underestimated.

Conflict of interest The authors declare they have no conflict of
interest.

References

Aloisi F, Columba-Cabezas S, Franciotta D, Rosicarelli B, Magliozzi
R, Reynolds R, Ambrosini E, Coccia E, Salvetti M, Serafini B
(2008) Lymphoid chemokines in chronic neuroinflammation. J
Neuroimmunol 198:106–112

Ambrosi A, Espinosa A, Wahren-Herlenius M (2012) IL-17: a new
actor in IFN-driven systemic autoimmune diseases. Eur J Immu-
nol 42:2274–2284

Anandasabapathy N, Victora GD, Meredith M, Feder R, Dong B,
Kluger C, Yao K, Dustin ML, Nussenzweig MC, Steinman RM,
Liu K (2011) Flt3L controls the development of radiosensitive
dendritic cells in the meninges and choroid plexus of the steady-
state mouse brain. J Exp Med 208:1695–1705

Arima Y, Harada M, Kamimura D, Park JH, Kawano F, Yull FE,
Kawamoto T, Iwakura Y, Betz UA, Marquez G, Blackwell TS,
Ohira Y, Hirano T, Murakami M (2012) Regional neural activa-
tion defines a gateway for autoreactive T cells to cross the blood–
brain barrier. Cell 148:447–457

Austyn JM, Kupiec-Weglinski JW, Morris PJ (1988) Migration pat-
terns of dendritic cells in the mouse. Adv Exp Med Biol 237:583–
589

Axtell RC, Raman C, Steinman L (2011) Interferon-beta exacerbates
Th17-mediated inflammatory disease. Trends Immunol 32:272–
277

Baban B, Chandler PR, Sharma MD, Pihkala J, Koni PA, Munn DH,
Mellor AL (2009) IDO activates regulatory T cells and blocks
their conversion into Th17-like T cells. J Immunol 183:2475–
2483

Bailey SL, Schreiner B, McMahon EJ, Miller SD (2007) CNS myeloid
DCs presenting endogenous myelin peptides ‘preferentially’ po-
larize CD4+ T(H)-17 cells in relapsing EAE. Nat Immunol 8:172–
180

Bailey-Bucktrout SL, Caulkins SC, Goings G, Fischer JA, Dzionek A,
Miller SD (2008) Cutting edge: central nervous system plasma-
cytoid dendritic cells regulate the severity of relapsing experimen-
tal autoimmune encephalomyelitis. J Immunol 180:6457–6461

Beena JP (2011) Prevalence of dental caries and its correlation with the
immunologic profile in HIV-Infected children on antiretroviral
therapy. Eur J Paediatr Dent: Off J Eur Acad Paediatr Dent
12:87–90

Benveniste EN, Qin H (2007) Type I interferons as anti-inflammatory
mediators. Science’s STKE: signal transduction knowledge envi-
ronment 2007, p e70

Boele LC, Bajramovic JJ, de Vries AM, Voskamp-Visser IA, Kaman
WE, van der Kleij D (2009) Activation of Toll-like receptors and
dendritic cells by a broad range of bacterial molecules. Cell
Immunol 255:17–25

Bulloch K, Miller MM, Gal-Toth J, Milner TA, Gottfried-Blackmore
A, Waters EM, Kaunzner UW, Liu K, Lindquist R, Nussenzweig
MC, Steinman RM, McEwen BS (2008) CD11c/EYFP transgene
illuminates a discrete network of dendritic cells within the em-
bryonic, neonatal, adult, and injured mouse brain. J Comp Neurol
508:687–710

Butovsky O, Bukshpan S, Kunis G, Jung S, Schwartz M (2007)
Microglia can be induced by IFN-gamma or IL-4 to express
neural or dendritic-like markers. Mol Cell Neurosci 35:490–500

Byram SC, Carson MJ, DeBoy CA, Serpe CJ, Sanders VM, Jones KJ
(2004) CD4-positive T cell-mediated neuroprotection requires
dual compartment antigen presentation. J Neurosci: Off J Soc
Neurosci 24:4333–4339

Carare RO, Bernardes-Silva M, Newman TA, Page AM, Nicoll JA,
Perry VH, Weller RO (2008) Solutes, but not cells, drain from the
brain parenchyma along basement membranes of capillaries and
arteries: significance for cerebral amyloid angiopathy and neuro-
immunology. Neuropathol Appl Neurobiol 34:131–144

Carson MJ, Sutcliffe JG (1999) Balancing function vs. self defense: the
CNS as an active regulator of immune responses. J Neurosci Res
55:1–8

Carson MJ, Doose JM, Melchior B, Schmid CD, Ploix CC (2006) CNS
immune privilege: hiding in plain sight. Immunol Rev 213:48–65

Cassan C, Liblau RS (2007) Immune tolerance and control of CNS
autoimmunity: from animal models to MS patients. J Neurochem
100:883–892

Chan-Palay V, Lang W, Haesler U, Kohler C, Yasargil G (1986)
Distribution of altered hippocampal neurons and axons immuno-
reactive with antisera against neuropeptide Y in Alzheimer’s-type
dementia. J Comp Neurol 248:376–394

Chieppa M, Rescigno M, Huang AY, Germain RN (2006) Dynamic
imaging of dendritic cell extension into the small bowel lumen in
response to epithelial cell TLR engagement. J Exp Med
203:2841–2852

Cipponi A, Mercier M, Seremet T, Baurain JF, Theate I, van den Oord
J, Stas M, Boon T, Coulie PG, van Baren N (2012) Neogenesis of
lymphoid structures and antibody responses occur in human mel-
anoma metastases. Cancer Res 72:3997–4007

Cohen H, Ziv Y, Cardon M, Kaplan Z, Matar MA, Gidron Y, Schwartz
M, Kipnis J (2006) Maladaptation to mental stress mitigated by
the adaptive immune system via depletion of naturally occurring
regulatory CD4+CD25+ cells. J Neurobiol 66:552–563

Colton C, Wilt S, Gilbert D, Chernyshev O, Snell J, Dubois-
Dalcq M (1996) Species differences in the generation of
reactive oxygen species by microglia. Mol Chem Neuropa-
thol 28:15–20

Cools N, Ponsaerts P, Van Tendeloo VF, Berneman ZN (2007) Balanc-
ing between immunity and tolerance: an interplay between den-
dritic cells, regulatory T cells, and effector T cells. J Leukoc Biol
82:1365–1374

Crocker PR, McMillan SJ, Richards HE (2012) CD33-related siglecs
as potential modulators of inflammatory responses. Ann N Y
Acad Sci 1253:102–111

De Keyser J, Laureys G, Demol F, Wilczak N, Mostert J, Clinckers R
(2010) Astrocytes as potential targets to suppress inflammatory
demyelinating lesions in multiple sclerosis. Neurochem Int
57:446–450

Delgado M, Gonzalez-Rey E, Ganea D (2005a) The neuropeptide
vasoactive intestinal peptide generates tolerogenic dendritic cells.
J Immunol 175:7311–7324

Delgado M, Chorny A, Gonzalez-Rey E, Ganea D (2005b) Vasoactive
intestinal peptide generates CD4+CD25+ regulatory T cells in
vivo. J Leukoc Biol 78:1327–1338

Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B (2007)
Lamina propria macrophages and dendritic cells differentially
induce regulatory and interleukin 17-producing T cell responses.
Nat Immunol 8:1086–1094

Detje CN, Meyer T, Schmidt H, Kreuz D, Rose JK, Bechmann I, Prinz
M, Kalinke U (2009) Local type I IFN receptor signaling protects
against virus spread within the central nervous system. J Immunol
182:2297–2304

Di Lella S, Sundblad V, Cerliani JP, Guardia CM, Estrin DA, Vasta
GR, Rabinovich GA (2011) When galectins recognize glycans:
from biochemistry to physiology and back again. Biochemistry
50:7842–7857

J Neuroimmune Pharmacol (2013) 8:145–162 157



Dong Y, Benveniste EN (2001) Immune function of astrocytes. Glia
36:180–190

Drygiannakis I, Ernst PB, Lowe D, Glomski IJ (2011) Immunological
alterations mediated by adenosine during host-microbial interac-
tions. Immunol Res 50:69–77

Ethell DW, Shippy D, Cao C, Cracchiolo JR, Runfeldt M, Blake B,
Arendash GW (2006) Abeta-specific T-cells reverse cognitive
decline and synaptic loss in Alzheimer’s mice. Neurobiol Dis
23:351–361

Fiette L, Aubert C, Muller U, Huang S, Aguet M, Brahic M, Bureau JF
(1995) Theiler’s virus infection of 129Sv mice that lack the
interferon alpha/beta or interferon gamma receptors. J Exp Med
181:2069–2076

Finch CE, Morgan TE, Longo VD, de Magalhaes JP (2010) Cell
resilience in species life spans: a link to inflammation? Aging
Cell 9:519–526

Fischer HG, Reichmann G (2001) Brain dendritic cells and macro-
phages/microglia in central nervous system inflammation. J
Immunol 166:2717–2726

Fisher J, Levkovitch-Verbin H, Schori H, Yoles E, Butovsky O, Kaye
JF, Ben-Nun A, Schwartz M (2001) Vaccination for neuroprotec-
tion in the mouse optic nerve: implications for optic neuropathies.
J Neurosci: Off J Soc Neurosci 21:136–142

Fletcher JM, Lalor SJ, Sweeney CM, Tubridy N, Mills KH (2010) T
cells in multiple sclerosis and experimental autoimmune enceph-
alomyelitis. Clin Exp Immunol 162:1–11

Fourgeaud L, Davenport CM, Tyler CM, Cheng TT, Spencer MB,
Boulanger LM (2010) MHC class I modulates NMDA receptor
function and AMPA receptor trafficking. Proc Natl Acad Sci USA
107:22278–22283

Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol 9:162–174

Geissmann F, Gordon S, Hume DA, Mowat AM, Randolph GJ (2010a)
Unravelling mononuclear phagocyte heterogeneity. Nat Rev
Immunol 10:453–460

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K
(2010b) Development of monocytes, macrophages, and dendritic
cells. Science 327:656–661

Gibbert K, Joedicke JJ, Meryk A, Trilling M, Francois S, Duppach J,
Kraft A, Lang KS, Dittmer U (2012) Interferon alpha subtype 11
activates NK cells and enables control of retroviral infection.
PLoS Pathog 8(8):e1002868

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler
MF, Conway SJ, Ng LG, Stanley ER, Samokhvalov IM, Merad M
(2010) Fate mapping analysis reveals that adult microglia derive
from primitive macrophages. Science 330:841–845

Gobel K, Bittner S, Melzer N, Pankratz S, Dreykluft A, SchuhmannMK,
Meuth SG, Wiendl H (2012) CD4(+) CD25(+) FoxP3(+) regulatory
Tcells suppress cytotoxicity of CD8(+) effector Tcells: implications
for their capacity to limit inflammatory central nervous system
damage at the parenchymal level. J Neuroinflammation 9:41

Gomez Perdiguero E, Schulz C, Geissmann F (2012) Development and
homeostasis of “resident” myeloid cells: the case of the microglia.
Glia

Gonzalez-Rey E, Delgado M (2005) Role of vasoactive intestinal
peptide in inflammation and autoimmunity. Curr Opin Investig
Drugs 6:1116–1123

Goverman J (2009) Autoimmune T cell responses in the central ner-
vous system. Nat Rev Immunol 9:393–407

Graeber MB, Streit WJ (1990) Perivascular microglia defined. Trends
Neurosci 13:366

Gregory CD, Pound JD, Devitt A, Wilson-Jones M, Ray P, Murray RJ
(2009) Inhibitory effects of persistent apoptotic cells on mono-
clonal antibody production in vitro: simple removal of non-viable
cells improves antibody productivity by hybridoma cells in cul-
ture. MAbs 1:370–376

Greter M, Heppner FL, Lemos MP, Odermatt BM, Goebels N, Laufer
T, Noelle RJ, Becher B (2005) Dendritic cells permit immune
invasion of the CNS in an animal model of multiple sclerosis. Nat
Med 11:328–334

Gundra UM, Mishra BB, Wong K, Teale JM (2011) Increased disease
severity of parasite-infected TLR2-/- mice is correlated with
decreased central nervous system inflammation and reduced
numbers of cells with alternatively activated macrophage
phenotypes in a murine model of neurocysticercosis. Infect
Immun 79:2586–2596

Guo B, Chang EY, Cheng G (2008) The type I IFN induction pathway
constrains Th17-mediated autoimmune inflammation in mice. J
Clin Invest 118:1680–1690

Hadeiba H, Lahl K, Edalati A, Oderup C, Habtezion A, Pachynski R,
Nguyen L, Ghodsi A, Adler S, Butcher EC (2012) Plasmacytoid
dendritic cells transport peripheral antigens to the thymus to
promote central tolerance. Immunity 36:438–450

Haftmann C, Stittrich AB, Sgouroudis E, Matz M, Chang HD,
Radbruch A, Mashreghi MF (2012) Lymphocyte signaling:
regulation of FoxO transcription factors by microRNAs. Ann
N Y Acad Sci 1247:46–55

Herber DL, Cao W, Nefedova Y, Novitskiy SV, Nagaraj S, Tyurin VA,
Corzo A, Cho HI, Celis E, Lennox B, Knight SC, Padhya T,
McCaffrey TV, McCaffrey JC, Antonia S, Fishman M, Ferris
RL, Kagan VE, Gabrilovich DI (2010) Lipid accumulation and
dendritic cell dysfunction in cancer. Nat Med 16:880–886

Herberth G, Daegelmann C, Weber A, Roder S, Giese T, Kramer U,
Schins RP, Behrendt H, Borte M, Lehmann I (2006) Association
of neuropeptides with Th1/Th2 balance and allergic sensitization
in children. Clin Exp Allergy: J Br Soc Allergy Clin Immunol
36:1408–1416

Hickey WF, Kimura H (1988) Perivascular microglial cells of the CNS
are bone marrow-derived and present antigen in vivo. Science
239:290–292

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T,
Shimada N, Ohba Y, Takaoka A, Yoshida N, Taniguchi T
(2005) IRF-7 is the master regulator of type-I interferon-
dependent immune responses. Nature 434:772–777

Hume DA (2008a) Macrophages as APC and the dendritic cell myth. J
Immunol 181:5829–5835

Hume DA (2008b) Differentiation and heterogeneity in the mononu-
clear phagocyte system. Mucosal Immunol 1:432–441

Hume DA (2011) EMDS special issue: systems biology of macro-
phages and dentritic cells in health and disease. Editorial. Immu-
nobiology 216:1163

Hurley JV, Anderson RM, Sexton PT (1981) The fate of plasma protein
which escapes from blood vessels of the choroid plexus of the rat–
an electron microscope study. J Pathol 134:57–70

Jakubzick C, Tacke F, Ginhoux F, Wagers AJ, van Rooijen N, Mack M,
Merad M, Randolph GJ (2008) Blood monocyte subsets differen-
tially give rise to CD103+ and CD103- pulmonary dendritic cell
populations. J Immunol 180:3019–3027

Johanson CE, Stopa EG, McMillan PN (2011) The blood-
cerebrospinal fluid barrier: structure and functional significance.
Methods Mol Biol 686:101–131

Josefowicz SZ, Lu LF, Rudensky AY (2012) Regulatory T cells:
mechanisms of differentiation and function. Annu Rev Immunol
30:531–564

Kahler DJ, Mellor AL (2009) T cell regulatory plasmacytoid dendritic
cells expressing indoleamine 2,3 dioxygenase. Handbook of ex-
perimental pharmacology, pp 165–196

Kamboh MI et al (2012) Genome-wide association study of Alz-
heimer’s disease. Transl Psychiatry 2:e117

Karni A, Abraham M, Monsonego A, Cai G, Freeman GJ, Hafler D,
Khoury SJ, Weiner HL (2006) Innate immunity in multiple scle-
rosis: myeloid dendritic cells in secondary progressive multiple

158 J Neuroimmune Pharmacol (2013) 8:145–162



sclerosis are activated and drive a proinflammatory immune re-
sponse. J Immunol 177:4196–4202

Kingston D, Schmid MA, Onai N, Obata-Onai A, Baumjohann D,
Manz MG (2009) The concerted action of GM-CSF and Flt3-
ligand on in vivo dendritic cell homeostasis. Blood 114:835–843

Kipnis J, Mizrahi T, Yoles E, Ben-Nun A, Schwartz M (2002) Myelin
specific Th1 cells are necessary for post-traumatic protective
autoimmunity. J Neuroimmunol 130:78–85

Koles L, Leichsenring A, Rubini P, Illes P (2011) P2 receptor signaling
in neurons and glial cells of the central nervous system. Adv
Pharmacol 61:441–493

Koronyo-Hamaoui M, Ko MK, Koronyo Y, Azoulay D, Seksenyan A,
Kunis G, Pham M, Bakhsheshian J, Rogeri P, Black KL, Farkas
DL, Schwartz M (2009) Attenuation of AD-like neuropathology
by harnessing peripheral immune cells: local elevation of IL-10
and MMP-9. J Neurochem 111:1409–1424

Lande R, Gafa V, Serafini B, Giacomini E, Visconti A, Remoli ME,
Severa M, Parmentier M, Ristori G, Salvetti M, Aloisi F, Coccia
EM (2008) Plasmacytoid dendritic cells in multiple sclerosis:
intracerebral recruitment and impaired maturation in response to
interferon-beta. J Neuropathol Exp Neurol 67:388–401

Larsen CP, Barker H, Morris PJ, Austyn JM (1990) Failure of mature
dendritic cells of the host to migrate from the blood into cardiac or
skin allografts. Transplantation 50:294–301

Lau-Kilby AW, Kretz CC, Pechhold S, Price JD, Dorta S, Ramos H,
Trinchieri G, Tarbell KV (2011) Interleukin-2 inhibits FMS-like
tyrosine kinase 3 receptor ligand (flt3L)-dependent development
and function of conventional and plasmacytoid dendritic cells.
Proc Natl Acad Sci USA 108:2408–2413

Lechner MG, Megiel C, Russell SM, Bingham B, Arger N, Woo T,
Epstein AL (2011) Functional characterization of human Cd33+
and Cd11b+myeloid-derived suppressor cell subsets induced from
peripheral blood mononuclear cells co-cultured with a diverse set
of human tumor cell lines. J Transl Med 9:90

Leist M, Single B, Castoldi AF, Kuhnle S, Nicotera P (1997) Intracel-
lular adenosine triphosphate (ATP) concentration: a switch in the
decision between apoptosis and necrosis. J Exp Med 185:1481–
1486

Lelouard H, Fallet M, de Bovis B, Meresse S, Gorvel JP (2012) Peyer’s
patch dendritic cells sample antigens by extending dendrites
through M cell-specific transcellular pores. Gastroenterology
142(592–601):e593

Lin CL, Suri RM, Rahdon RA, Austyn JM, Roake JA (1998) Dendritic
cell chemotaxis and transendothelial migration are induced by
distinct chemokines and are regulated on maturation. Eur J Immu-
nol 28:4114–4122

Liu K, Waskow C, Liu X, Yao K, Hoh J, Nussenzweig M (2007)
Origin of dendritic cells in peripheral lymphoid organs of mice.
Nat Immunol 8:578–583

Loke P, Gallagher I, Nair MG, Zang X, Brombacher F, Mohrs M,
Allison JP, Allen JE (2007) Alternative activation is an innate
response to injury that requires CD4+ T cells to be sustained
during chronic infection. J Immunol 179:3926–3936

Loutfy MR, Blatt LM, Siminovitch KA, Ward S, Wolff B, Lho H, Pham
DH, Deif H, LaMere EA, ChangM, Kain KC, Farcas GA, Ferguson
P, Latchford M, Levy G, Dennis JW, Lai EK, Fish EN (2003)
Interferon alfacon-1 plus corticosteroids in severe acute respiratory
syndrome: a preliminary study. JAMA 290:3222–3228

Maraskovsky E, Daro E, Roux E, Teepe M, Maliszewski CR, Hoek J,
Caron D, Lebsack ME, McKenna HJ (2000) In vivo generation of
human dendritic cell subsets by Flt3 ligand. Blood 96:878–884

Mascanfroni ID, Cerliani JP, Dergan-Dylon S, Croci DO, Ilarregui JM,
Rabinovich GA (2011) Endogenous lectins shape the function
of dendritic cells and tailor adaptive immunity: mechanisms
and biomedical applications. Int Immunopharmacol 11:833–
841

Matyszak MK (1998) Inflammation in the CNS: balance between
immunological privilege and immune responses. Prog Neurobiol
56:19–35

Matyszak MK, Perry VH (1998) Bacillus Calmette-Guerin sequestered
in the brain parenchyma escapes immune recognition. J Neuro-
immunol 82:73–80

Matyszak MK, Lawson LJ, Perry VH, Gordon S (1992) Stromal
macrophages of the choroid plexus situated at an interface be-
tween the brain and peripheral immune system constitutively
express major histocompatibility class II antigens. J Neuroimmu-
nol 40:173–181

McGeachy MJ, Anderton SM (2005) Cytokines in the induction and
resolution of experimental autoimmune encephalomyelitis. Cyto-
kine 32:81–84

McGeachy MJ, Stephens LA, Anderton SM (2005) Natural recovery
and protection from autoimmune encephalomyelitis: contribution
of CD4+CD25+ regulatory cells within the central nervous sys-
tem. J Immunol 175:3025–3032

McKenna HJ, Stocking KL, Miller RE, Brasel K, De Smedt T,
Maraskovsky E, Maliszewski CR, Lynch DH, Smith J, Pulendran
B, Roux ER, Teepe M, Lyman SD, Peschon JJ (2000) Mice
lacking flt3 ligand have deficient hematopoiesis affecting hema-
topoietic progenitor cells, dendritic cells, and natural killer cells.
Blood 95:3489–3497

McMahon EJ, Bailey SL, Miller SD (2006) CNS dendritic cells: critical
participants in CNS inflammation? Neurochem Int 49:195–203

McMenamin PG (1999) Distribution and phenotype of dendritic cells
and resident tissue macrophages in the dura mater, leptomeninges,
and choroid plexus of the rat brain as demonstrated in whole-
mount preparations. J Comp Neurol 405:553–562

McMenamin PG, Wealthall RJ, Deverall M, Cooper SJ, Griffin B
(2003) Macrophages and dendritic cells in the rat meninges and
choroid plexus: three-dimensional localisation by environmental
scanning electron microscopy and confocal microscopy. Cell Tis-
sue Res 313:259–269

Melchior B, Puntambekar SS, Carson MJ (2006) Microglia and the
control of autoreactive T cell responses. Neurochem Int 49:145–
153

Mellor AL, Munn DH (2008) Creating immune privilege: active local
suppression that benefits friends, but protects foes. Nat Rev
Immunol 8:74–80

Melton AC, Bailey-Bucktrout SL, Travis MA, Fife BT, Bluestone JA,
Sheppard D (2010) Expression of alphavbeta8 integrin on dendritic
cells regulates Th17 cell development and experimental autoim-
mune encephalomyelitis in mice. J Clin Invest 120:4436–4444

Meredith MM, Liu K, Darrasse-Jeze G, Kamphorst AO, Schreiber HA,
Guermonprez P, Idoyaga J, Cheong C, Yao KH, Niec RE, Nus-
senzweig MC (2012) Expression of the zinc finger transcription
factor zDC (Zbtb46, Btbd4) defines the classical dendritic cell
lineage. J Exp Med 209:1153–1165

Mestres P, Putz N, Garcia Gomez de Las Heras S, Garcia Poblete E,
Morguet A, Laue M (2011) The surface topography of the choroid
plexus. Environmental, low and high vacuum scanning electron
microscopy. Ann Anat 193:197–204

Metcalf TU, Griffin DE (2011) Alphavirus-induced encephalomyelitis:
antibody-secreting cells and viral clearance from the nervous
system. J Virol 85:11490–11501

Milatovic D, Montine TJ, Aschner M (2011) Prostanoid signaling: dual
role for prostaglandin E2 in neurotoxicity. Neurotoxicology
32:312–319

Miller CM, Zakrzewski AM, Ikin RJ, Boulter NR, Katrib M, Lees MP,
Fuller SJ, Wiley JS, Smith NC (2011) Dysregulation of the
inflammatory response to the parasite, toxoplasma gondii, in
P2X7 receptor-deficient mice. Int J Parasitol 41:301–308

Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A,
Pandey G, Leboeuf M, Elpek KG, Helft J, Hashimoto D,

J Neuroimmune Pharmacol (2013) 8:145–162 159



Chow A, Price J, Greter M, Bogunovic M, Bellemare-
Pelletier A, Frenette PS, Randolph GJ, Turley SJ, Merad M
(2012) Deciphering the transcriptional network of the dendritic cell
lineage. Nat Immunol 13:888–899

Moalem G, Leibowitz-Amit R, Yoles E, Mor F, Cohen IR, Schwartz M
(1999) Autoimmune T cells protect neurons from secondary degen-
eration after central nervous system axotomy. Nat Med 5:49–55

Mollen KP, Levy RM, Prince JM, Hoffman RA, Scott MJ, Kaczorowski
DJ, Vallabhaneni R, Vodovotz Y, Billiar TR (2008) Systemic in-
flammation and end organ damage following trauma involves func-
tional TLR4 signaling in both bone marrow-derived cells and
parenchymal cells. J Leukoc Biol 83:80–88

Morelli AE, Thomson AW (2007) Tolerogenic dendritic cells and the
quest for transplant tolerance. Nat Rev Immunol 7:610–621

Munn DH (2010) Lineage-specific transcription factors in unexpected
places. Eur J Immunol 40:315–317

Munn DH, Sharma MD, Hou D, Baban B, Lee JR, Antonia SJ,
Messina JL, Chandler P, Koni PA, Mellor AL (2004) Expression
of indoleamine 2,3-dioxygenase by plasmacytoid dendritic cells
in tumor-draining lymph nodes. J Clin Invest 114:280–290

Munz C, Lunemann JD, Getts MT, Miller SD (2009) Antiviral immune
responses: triggers of or triggered by autoimmunity? Nat Rev
Immunol 9:246–258

Nagaraj S, Collazo M, Corzo CA, Youn JI, Ortiz M, Quiceno D,
Gabrilovich DI (2009) Regulatory myeloid suppressor cells in
health and disease. Cancer Res 69:7503–7506

Niedbala W, Cai B, Liew FY (2006) Role of nitric oxide in the
regulation of T cell functions. Ann Rheum Dis 65(Suppl 3):
iii37–iii40

Niess JH, Reinecker HC (2005) Lamina propria dendritic cells in the
physiology and pathology of the gastrointestinal tract. Curr Opin
Gastroenterol 21:687–691

Norian LA, Rodriguez PC, O’Mara LA, Zabaleta J, Ochoa AC, Cella
M, Allen PM (2009) Tumor-infiltrating regulatory dendritic cells
inhibit CD8+ T cell function via L-arginine metabolism. Cancer
Res 69:3086–3094

O’Connor RA, Floess S, Huehn J, Jones SA, Anderton SM (2012)
Foxp3(+) Treg cells in the inflamed CNS are insensitive to IL-6-
driven IL-17 production. Eur J Immunol 42:1174–1179

Obermajer N, Muthuswamy R, Lesnock J, Edwards RP, Kalinski P
(2011) Positive feedback between PGE2 and COX2 redirects the
differentiation of human dendritic cells toward stable myeloid-
derived suppressor cells. Blood 118:5498–5505

Pabst O, Bernhardt G (2010) The puzzle of intestinal lamina propria
dendritic cells and macrophages. Eur J Immunol 40:2107–2111

Pashenkov M, Link H (2002) Dendritic cells and immune responses in
the central nervous system. Trends Immunol 23:69–70, author
reply 70

Pashenkov M, Soderstrom M, Huang YM, Link H (2002a) Cerebro-
spinal fluid affects phenotype and functions of myeloid dendritic
cells. Clin Exp Immunol 128:379–387

Pashenkov M, Teleshova N, Kouwenhoven M, Smirnova T, Jin YP,
Kostulas V, Huang YM, Pinegin B, Boiko A, Link H (2002b)
Recruitment of dendritic cells to the cerebrospinal fluid in bacte-
rial neuroinfections. J Neuroimmunol 122:106–116

Perry VH (1998) A revised view of the central nervous system micro-
environment and major histocompatibility complex class II anti-
gen presentation. J Neuroimmunol 90:113–121

Peters A, Pitcher LA, Sullivan JM, Mitsdoerffer M, Acton SE, Franz B,
Wucherpfennig K, Turley S, Carroll MC, Sobel RA, Bettelli
E, Kuchroo VK (2011) Th17 cells induce ectopic lymphoid
follicles in central nervous system tissue inflammation. Im-
munity 35:986–996

Podojil JR, Miller SD (2009) Molecular mechanisms of T-cell receptor
and costimulatory molecule ligation/blockade in autoimmune dis-
ease therapy. Immunol Rev 229:337–355

Prinz M, Schmidt H, Mildner A, Knobeloch KP, Hanisch UK, Raasch J,
Merkler D, Detje C, Gutcher I, Mages J, Lang R, Martin R, Gold R,
Becher B, BruckW, Kalinke U (2008) Distinct and nonredundant in
vivo functions of IFNAR onmyeloid cells limit autoimmunity in the
central nervous system. Immunity 28:675–686

Prod’homme T, Weber MS, Steinman L, Zamvil SS (2006) A neuro-
peptide in immune-mediated inflammation, Y? Trends Immunol
27:164–167

Prodinger C, Bunse J, Kruger M, Schiefenhovel F, Brandt C, Laman
JD, Greter M, Immig K, Heppner F, Becher B, Bechmann I (2011)
CD11c-expressing cells reside in the juxtavascular parenchyma
and extend processes into the glia limitans of the mouse nervous
system. Acta Neuropathol 121:445–458

Rabinovich GA, Gabrilovich D, Sotomayor EM (2007a) Immunosup-
pressive strategies that are mediated by tumor cells. Annu Rev
Immunol 25:267–296

Rabinovich GA, Liu FT, Hirashima M, Anderson A (2007b) An
emerging role for galectins in tuning the immune response: les-
sons from experimental models of inflammatory disease, autoim-
munity and cancer. Scand J Immunol 66:143–158

Ransohoff RM, Cardona AE (2010) The myeloid cells of the central
nervous system parenchyma. Nature 468:253–262

Razakandrainibe R, Pelleau S, Grau GE, Jambou R (2012) Antigen
presentation by endothelial cells: what role in the pathophysiolo-
gy of malaria? Trends Parasitol 28:151–160

Re F, Strominger JL (2004) Heterogeneity of TLR-induced responses
in dendritic cells: from innate to adaptive immunity. Immunobi-
ology 209:191–198

Redwine JM, Buchmeier MJ, Evans CF (2001) In vivo expression of
major histocompatibility complex molecules on oligodendrocytes
and neurons during viral infection. Am J Pathol 159:1219–1224

Reis e Sousa C (2006) Dendritic cells in a mature age. Nat Rev
Immunol 6:476–483

Reis e Sousa C (2011) Harnessing dendritic cells. Semin Immunol 23:1
Rescigno M, Lopatin U, Chieppa M (2008) Interactions among den-

dritic cells, macrophages, and epithelial cells in the gut: implica-
tions for immune tolerance. Curr Opin Immunol 20:669–675

Richards MH, Getts MT, Podojil JR, Jin YH, Kim BS, Miller SD
(2011) Virus expanded regulatory T cells control disease severity
in the Theiler’s virus mouse model of MS. J Autoimmun 36:142–
154

Rock KL, Lai JJ, Kono H (2011) Innate and adaptive immune
responses to cell death. Immunol Rev 243:191–205

Romani N, Reider D, Heuer M, Ebner S, Kampgen E, Eibl B,
Niederwieser D, Schuler G (1996) Generation of mature dendritic
cells from human blood. An improved method with special regard
to clinical applicability. J Immunol Methods 196:137–151

Rubartelli A, Lotze MT (2007) Inside, outside, upside down: damage-
associated molecular-pattern molecules (DAMPs) and redox.
Trends Immunol 28:429–436

Salem M, Mony JT, Lobner M, Khorooshi R, Owens T (2011) Inter-
feron regulatory factor-7 modulates experimental autoimmune
encephalomyelitis in mice. J Neuroinflammation 8:181

Sasaki A, Nakazato Y, Ogawa A, Sugihara S (1996) The immunophe-
notype of perivascular cells in the human brain. Pathol Int 46:
15–23

Sathe P, Shortman K (2008) The steady-state development of splenic
dendritic cells. Mucosal Immunol 1:425–431

Satpathy AT, Murphy KM, Kc W (2011) Transcription factor networks
in dendritic cell development. Semin Immunol 23:388–397

Satthaporn S, Eremin O (2001) Dendritic cells (I): Biological func-
tions. J R Coll Surg Edinb 46:9–19

Schmidt H, Raasch J, Merkler D, Klinker F, Krauss S, Bruck W, Prinz
M (2009) Type I interferon receptor signalling is induced during
demyelination while its function for myelin damage and repair is
redundant. Exp Neurol 216:306–311

160 J Neuroimmune Pharmacol (2013) 8:145–162



Scholz W, Platzer B, Schumich A, Hocher B, Fritsch G, Knapp W,
Strobl H (2004) Initial human myeloid/dendritic cell progenitors
identified by absence of myeloperoxidase protein expression. Exp
Hematol 32:270–276

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard
N, Kierdorf K, Prinz M, Wu B, Jacobsen SE, Pollard JW, Frampton
J, Liu KJ, Geissmann F (2012) A lineage of myeloid cells
independent of Myb and hematopoietic stem cells. Science
336:86–90

Schwartz M, Moalem G, Leibowitz-Amit R, Cohen IR (1999) Innate
and adaptive immune responses can be beneficial for CNS repair.
Trends Neurosci 22:295–299

Serbina NV, Salazar-Mather TP, Biron CA, Kuziel WA, Pamer EG
(2003) TNF/iNOS-producing dendritic cells mediate innate im-
mune defense against bacterial infection. Immunity 19:59–70

Serot JM, Foliguet B, Bene MC, Faure GC (1998) Intraepithelial and
stromal dendritic cells in human choroid plexus. Hum Pathol
29:1174–1175

Serot JM, Bene MC, Foliguet B, Faure GC (2000) Monocyte-derived
IL-10-secreting dendritic cells in choroid plexus epithelium. J
Neuroimmunol 105:115–119

Seth S, Oberdorfer L, Hyde R, Hoff K, Thies V, Worbs T, Schmitz S,
Forster R (2011) CCR7 essentially contributes to the homing of
plasmacytoid dendritic cells to lymph nodes under steady-state as
well as inflammatory conditions. J Immunol 186:3364–3372

Sharma MD, Baban B, Chandler P, Hou DY, Singh N, Yagita H,
Azuma M, Blazar BR, Mellor AL, Munn DH (2007) Plasmacy-
toid dendritic cells from mouse tumor-draining lymph nodes
directly activate mature Tregs via indoleamine 2,3-dioxygenase.
J Clin Invest 117:2570–2582

Shevach EM (2009) Mechanisms of foxp3+ T regulatory cell-mediated
suppression. Immunity 30:636–645

Shortman K, Naik SH (2007) Steady-state and inflammatory dendritic-
cell development. Nat Rev Immunol 7:19–30

Singh P, Hoggatt J, Hu P, Speth JM, Fukuda S, Breyer RM, Pelus LM
(2012) Blockade of prostaglandin E2 signaling through EP1 and
EP3 receptors attenuates Flt3L-dependent dendritic cell devel-
opment from hematopoietic progenitor cells. Blood 119:1671–
1682

Sinha P, Clements VK, Ostrand-Rosenberg S (2005a) Reduction of
myeloid-derived suppressor cells and induction of M1 macro-
phages facilitate the rejection of established metastatic disease. J
Immunol 174:636–645

Sinha P, Clements VK, Miller S, Ostrand-Rosenberg S (2005b) Tumor
immunity: a balancing act between T cell activation, macrophage
activation and tumor-induced immune suppression. Cancer
Immunol, Immunother: CII 54:1137–1142

Soscia SJ, Kirby JE, Washicosky KJ, Tucker SM, Ingelsson M, Hyman
B, Burton MA, Goldstein LE, Duong S, Tanzi RE, Moir RD
(2010) The Alzheimer’s disease-associated amyloid beta-protein
is an antimicrobial peptide. PLoS One 5:e9505

Steinman RM (2012) Decisions about dendritic cells: past, present, and
future. Annu Rev Immunol 30:1–22

Suh HS, Zhao ML, Choi N, Belbin TJ, Brosnan CF, Lee SC (2009)
TLR3 and TLR4 are innate antiviral immune receptors in human
microglia: role of IRF3 in modulating antiviral and inflammatory
response in the CNS. Virology 392:246–259

Swiecki M, Colonna M (2010) Unraveling the functions of plasmacy-
toid dendritic cells during viral infections, autoimmunity, and
tolerance. Immunol Rev 234:142–162

Swiecki M, Wang Y, Vermi W, Gilfillan S, Schreiber RD, Colonna M
(2011) Type I interferon negatively controls plasmacytoid den-
dritic cell numbers in vivo. J Exp Med 208:2367–2374

Thomas SR, Mohr D, Stocker R (1994) Nitric oxide inhibits indole-
amine 2,3-dioxygenase activity in interferon-gamma primed
mononuclear phagocytes. J Biol Chem 269:14457–14464

Trombetta ES, Ebersold M, Garrett W, Pypaert M, Mellman I (2003)
Activation of lysosomal function during dendritic cell maturation.
Science 299:1400–1403

van de Laar L, Coffer PJ, Woltman AM (2012) Regulation of dendritic
cell development by GM-CSF: molecular control and implica-
tions for immune homeostasis and therapy. Blood 119:3383–3393

van den Broek MF, Muller U, Huang S, Zinkernagel RM, Aguet M
(1995a) Immune defence in mice lacking type I and/or type II
interferon receptors. Immunol Rev 148:5–18

van den Broek MF, Muller U, Huang S, Aguet M, Zinkernagel RM
(1995b) Antiviral defense in mice lacking both alpha/beta and
gamma interferon receptors. J Virol 69:4792–4796

Varin A, Gordon S (2009) Alternative activation of macrophages:
immune function and cellular biology. Immunobiology
214:630–641

Vassiliou EK, Kesler OM, Tadros JH, Ganea D (2008) Bone marrow-
derived dendritic cells generated in the presence of resolvin E1
induce apoptosis of activated CD4+ T cells. J Immunol 181:4534–
4544

Vignali DA, Collison LW, Workman CJ (2008) How regulatory T cells
work. Nat Rev Immunol 8:523–532

Walsh JT, Kipnis J (2011) Regulatory T cells in CNS injury: the simple,
the complex and the confused. Trends Mol Med 17:541–547

Walter RB, Raden BW, Zeng R, Hausermann P, Bernstein ID, Cooper
JA (2008a) ITIM-dependent endocytosis of CD33-related Siglecs:
role of intracellular domain, tyrosine phosphorylation, and the
tyrosine phosphatases, Shp1 and Shp2. J Leukoc Biol
83:200–211

Walter RB, Hausermann P, Raden BW, Teckchandani AM, Kamikura
DM, Bernstein ID, Cooper JA (2008b) Phosphorylated ITIMs
enable ubiquitylation of an inhibitory cell surface receptor. Traffic
9:267–279

Wang L, Gordon RA, Huynh L, Su X, Park Min KH, Han J, Arthur JS,
Kalliolias GD, Ivashkiv LB (2010) Indirect inhibition of Toll-like
receptor and type I interferon responses by ITAM-coupled recep-
tors and integrins. Immunity 32:518–530

Wang R, Yang B, Zhang D (2011) Activation of interferon signaling
pathways in spinal cord astrocytes from an ALS mouse model.
Glia 59:946–958

Wang Y, Swiecki M, Cella M, Alber G, Schreiber RD, Gilfillan S,
Colonna M (2012) Timing and magnitude of type I interferon
responses by distinct sensors impact CD8 T cell exhaustion and
chronic viral infection. Cell Host Microbe 11:631–642

Ward SE, Loutfy MR, Blatt LM, Siminovitch KA, Chen J, Hinek A,
Wolff B, Pham DH, Deif H, LaMere EA, Kain KC, Farcas GA,
Ferguson P, Latchford M, Levy G, Fung L, Dennis JW, Lai EK,
Fish EN (2005) Dynamic changes in clinical features and cyto-
kine/chemokine responses in SARS patients treated with interfer-
on alfacon-1 plus corticosteroids. Antivir Ther 10:263–275

Waskow C, Liu K, Darrasse-Jeze G, Guermonprez P, Ginhoux F,
Merad M, Shengelia T, Yao K, Nussenzweig M (2008) The
receptor tyrosine kinase Flt3 is required for dendritic cell
development in peripheral lymphoid tissues. Nat Immunol
9:676–683

Weinberg JB, Misukonis MA, Shami PJ, Mason SN, Sauls DL, Dittman
WA, Wood ER, Smith GK, McDonald B, Bachus KE et al (1995)
Human mononuclear phagocyte inducible nitric oxide synthase
(iNOS): analysis of iNOS mRNA, iNOS protein, biopterin, and
nitric oxide production by blood monocytes and peritoneal macro-
phages. Blood 86:1184–1195

Weller RO, Djuanda E, Yow HY, Carare RO (2009) Lymphatic drain-
age of the brain and the pathophysiology of neurological disease.
Acta Neuropathol 117:1–14

Wilcock DM, Lewis MR, Van Nostrand WE, Davis J, Previti ML,
Gharkholonarehe N, Vitek MP, Colton CA (2008) Progression of
amyloid pathology to Alzheimer’s disease pathology in an amyloid

J Neuroimmune Pharmacol (2013) 8:145–162 161



precursor protein transgenic mousemodel by removal of nitric oxide
synthase 2. J Neurosci: Off J Soc Neurosci 28:1537–1545

Wilson MS, Cheever AW, White SD, Thompson RW, Wynn TA (2011)
IL-10 blocks the development of resistance to re-infection with
Schistosoma mansoni. PLoS Pathog 7:e1002171

Wink DA, Hines HB, Cheng RY, Switzer CH, Flores-Santana W, Vitek
MP, Ridnour LA, Colton CA (2011) Nitric oxide and redox
mechanisms in the immune response. J Leukoc Biol 89:873–891

Wong SH, Santambrogio L, Strominger JL (2004) Caspases and nitric
oxide broadly regulate dendritic cell maturation and surface ex-
pression of class II MHC proteins. Proc Natl Acad Sci USA
101:17783–17788

Wright KO, Murray DA, Crispe NI, Pierce RH (2005) Quantitative
PCR for detection of the OT-1 transgene. BMC Immunol 6:20

Xu ZZ, Zhang L, Liu T, Park JY, Berta T, Yang R, Serhan CN, Ji RR
(2010) Resolvins RvE1 and RvD1 ttenuate inflammatory pain via

central and peripheral actions. Nat Med 16:592–597, 591p fol-
lowing 597

Yang D, Liu ZH, Tewary P, Chen Q, de la Rosa G, Oppenheim JJ
(2007) Defensin participation in innate and adaptive immunity.
Curr Pharm Des 13:3131–3139

Yang D, de la Rosa G, Tewary P, Oppenheim JJ (2009) Alarmins link
neutrophils and dendritic cells. Trends Immunol 30:531–537

Zaiou M (2007) Multifunctional antimicrobial peptides: therapeutic
targets in several human diseases. J Mol Med (Berl) 85:317–329

Zhang F, Meng G, Strober W (2008) Interactions among the transcription
factors Runx1, RORgammat and Foxp3 regulate the differen-
tiation of interleukin 17-producing T cells. Nat Immunol
9:1297–1306

Zukowska Z, Pons J, Lee EW, Li L (2003) Neuropeptide Y: a new
mediator linking sympathetic nerves, blood vessels and immune
system? Can J Physiol Pharmacol 81:89–94

162 J Neuroimmune Pharmacol (2013) 8:145–162


	Immune Heterogeneity in Neuroinflammation: Dendritic Cells in the Brain
	Abstract
	Introduction
	What are dendritic cells?
	Dendritic cells and the brain
	Location of dendritic cells in the brain
	Origin of brain DCs

	Functional DC subsets in the brain
	Immature vs mature; pDC vs cDC

	Effector outcomes: Immunogenic/immunotoxic
	Effector outcomes: Tolerogenic/Immunosuppressive
	Microenvironment regulation of DCs
	Can microglia become dendritic cells?
	Functions of monocyte/macrophage derived DCs
	Final thoughts
	References


