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Abstract
Although the central nervous system (CNS) is considered to be an immunoprivileged site, it is
susceptible to a host of autoimmune as well as neuroinflammatory disorders owing to recruitment
of immune cells across the blood–brain barrier into perivascular and parenchymal spaces.
Dendritic cells (DCs), which are involved in both primary and secondary immune responses, are
the most potent immune cells in terms of antigen uptake and processing as well as presentation to
T cells. In light of the emerging importance of DC traficking into the CNS, these cells represent
good candidates for targeted immunotherapy against various neuroinflammatory diseases. This
review focuses on potential physiological events and receptor interactions between DCs and the
microvascular endothelial cells of the brain as they transmigrate into the CNS during degeneration
and injury. A clear understanding of the underlying mechanisms involved in DC migration may
advance the development of new therapies that manipulate these mechanistic properties via
pharmacologic intervention. Furthermore, therapeutic validation should be in concurrence with the
molecular imaging techniques that can detect migration of these cells in vivo. Since the use of
noninvasive methods to image migration of DCs into CNS has barely been explored, we
highlighted potential molecular imaging techniques to achieve this goal. Overall, information
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provided will bring this important leukocyte population to the forefront as key players in the
immune cascade in the light of the emerging contribution of DCs to CNS health and disease.
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Introduction
The microvasculature of the normal human brain consists of meningeal, cerebral, and
cerebellar arteries. Cerebral and cerebellar arteries can be cortical, subcortical, or medullary
depending on the depth of penetration (Nonaka et al. 2002). Thus, the brain consists of a
very dense network of blood vessels where every inch of parenchyma is vascularized. The
pia mater, the bottom layer of the meninges, is rich in blood vessels and even ensheathes
arteries as they enter the cerebral cortex until they begin to disappear in the capillary beds
(Patel and Kirmi 2009). This ensheathment is related to the pathways required for the
drainage of interstitial fluid, which plays a role in inflammatory responses in the brain. Thus,
the entire blood supply of the brain and spinal cord is derived from meningeal arteries as
depicted in Fig. 1, and the blood vessels continue to maintain specialized architecture as
they branch out and penetrate deeper. This specialization contributes to the immunoprivilege
from which the central nervous system (CNS) benefits because it enables physiological
functioning of the human brain in a well-controlled environment separate from systemic
circulation. The cellular components of these blood vessels are collectively referred to as the
blood–brain barrier (BBB) (Abbott et al. 2010; Dallasta et al. 1999). The BBB is a highly
resistant barrier consisting of endothelial cells that selectively regulate intracellular and
paracellular passage of ions, toxins, cells, water, oxygen, and nonionic molecules including
alcohol and certain drugs. During ongoing inflammation in the CNS, BBB permeability is
modified and selective passage of these substances is lost. This dysfunction usually occurs
through a massive infiltration of immune cells from the blood present in the
microvasculature transmigrating into the perivascular and parenchymal spaces of the CNS.
Whether this migration is a direct cause or a result of this breach in BBB permeability is still
unknown. It is known, however, that these immune cells are able to contribute to
progression of disease immunopathogenesis. Hence, targeting the mechanism involved in
transmigration of immune cells across the BBB is important from the pharmacologic
perspective. Understanding the components of the BBB known to be involved in regulating
its properties can help to understand this mechanism.

The neurovascular unit consists of a single microvascular endothelial cell enclosing the
circumference of the blood vessel lumen. The unit is also composed of pericytes, found in
the perivascular space between the basement membranes that separate the endothelial cell
from the astrocytic end feet (Bandopadhyay et al. 2001). Pericytes are able to regulate
endothelial proliferation and differentiation, influence capillary blood flow, and synthesize
structural constituents of the extracellular matrix (ECM) (Allt and Lawrenson 2001;
Balabanov and Dore-Duffy 1998; Thanabalasundaram et al. 2011). Pericytes have recently
been implicated as essential for BBB formation and relative vascular permeability during
embryogenesis (Daneman et al. 2010). CNS pericytes have been reported to be a source of a
number of immunoregulatory cytokines that influence cytokine-mediated endothelial cell
activation and leukocyte recruitment (Antonelli-Orlidge et al. 1989; Dore-Duffy et al. 1994;
Fabry et al. 1993a, b). Astrocytes are glial cells that are positioned between neurons and
pericytes and communicate with these cells via their numerous foot processes. Astrocytes
are known to create the necessary brain microenvironment required to induce BBB

Sagar et al. Page 2

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



properties (Janzer and Raff 1987; Schlosshauer 1993). Their contribution to
immunopathogenesis via leukocyte recruitment during CNS inflammation is also established
(Abbott 2002; Muratori et al. 2010; Prat et al. 2001; Weiss et al. 1998). The astrocyte end
feet, along with pericytes and basement membrane, make up the glial limitans
perivascularis. Neurons found in proximity to the glial limitans are said to play a role in
regulating blood flow as well as BBB permeability (Paemeleire 2002), by signaling through
the intervention of the microvascular endothelium and the other components of the unit. The
endothelial cells of the unit of the BBB lack fenestrations and are tightly sealed together by
complex tight junction (TJ) proteins, which confer high electrical resistance compared with
other endothelial cells of the periphery (Crone and Christensen 1981). HIV encephalitis
(HIVE), most pronounced in the deep gray matter and cortical white matter, includes
alterations in the expression of vascular TJ proteins (Dallasta et al. 1999). Loss of the TJ
protein claudin-3 has also been reported in experimental autoimmune encephalomyelitis
(EAE), in a mouse model for multiple sclerosis (MS), and in human glioblastoma
multiforme tissue (Wolburg et al. 2003). Proinflammatory cytokine-mediated reactive
oxygen species production has been shown to downregulate TJ proteins occludin and
claudin-5 (Huppert et al. 2010; Schreibelt et al. 2007).

A modification of the BBB that vascularizes the brain ventricular system is the blood-
cerebrospinal fluid (BCSF) barrier. The BCSF barrier lies at the choroid plexuses in the
lateral, third, and fourth ventricles of the brain where tight junctions are formed between the
epithelial cells of the choroid plexus (Abbott 2002; Brown et al. 2004). The endothelial cells
of the blood vessel overlying the epithelium of the BCSF barrier are fenestrated, unlike at
the BBB. Organs exhibiting such incomplete barriers are also broadly known as
circumventricular organs. Other such areas of the brain include the area postrema, pineal
gland, subfornical organ, median eminence, and posterior pituitary. The lack of resistance to
exchange of substances helps define the role of these organs in functions such as blood flow
regulation, easy diffusion of hormones, and detection of toxins and peptides. Both BCSF
barriers as well as circumventricular organs have promoted increased immunopathogenesis
through immune cell infiltration during neuroinflammation (Schulz and Engelhardt 2005).

Besides endothelial cells of the BBB, another endothelial cell type that has been extensively
studied in leukocyte migration is the high endothelial venules (HEVs). These specialized
postcapillary venules allow exit of blood cells into secondary lymphoid organs. The role of
HEVs with respect to leukocyte trafficking into the CNS has not been well studied. HEV
differentiation markers, however, have been shown to be expressed in mice during relapse of
EAE (Cannella et al. 1991) at sites away from perivascular spaces that show high
inflammatory pathogenesis (Duijvestijn et al. 1988; Raine et al. 1990), indicating their role
in immune cell recruitment to the CNS.

The most extensively studied neuroinflammatory model of disease that engages almost all
aspects of the BBB that influence immunogenicity in the CNS is EAE. Immune cell
migration has proved to be the key to disease pathogenesis in EAE (Alvarez et al. 2011;
Jordan et al. 2008; Kielian et al. 2002; Roberts et al. 2010; Wekerle 1993). However, even
among immune cells, each subtype contributes toward pathogenesis in varying capacities.
DCs have the greatest antigen- presenting capacity among all immune cells. Emerging
research from our laboratory has proven DCs as one of the most effective responders to
neuroinflammation when compared to other immune cell types, using an in vitro model of
the BBB (unpublished observations). Our recent in vivo studies further strengthen this
argument (Jain et al. 2010). Hence, it is important to highlight the contribution of DCs to the
field of CNS disease. A detailed understanding of DC migration across the transendothelial
lumen into the CNS will help focus treatment strategies on established targets and
mechanisms. This review provides an up-to-date account of work that has been conducted
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on the migration of DCs from the endothelial lumen across the BBB into the CNS,
highlighting areas that need further understanding.

Dendritic cells and CNS
Under inflammatory conditions of the CNS such as in MS or HIVE, DCs along with other
circulating lymphocytes and monocytes/macrophages readily gain access to the CNS,
resulting in edema, further inflammation, or demyelination. DCs are the most potent
antigen-presenting cells (APCs), leading to the activation of naive Tcells in secondary
lymphoid organs (Matsuno et al. 2010; Villablanca et al. 2008). In steady-state conditions,
DCs are found in low numbers in the meninges, choroid plexus, and CSF (Pashenkov et al.
2001), possibly because the BBB limits penetration of immune cells into the brain
parenchyma. During neuroinflammation, however, these DCs have been shown to infiltrate
the CNS in larger numbers to the meninges (pia mater cerebellum and inner brain stem),
periventricular (lumen of lateral ventricle, third ventricle), perivascular (close to cuffed
blood vessels), and parenchymal (molecular layer of brain stem and cerebellum) spaces
(Hatterer et al. 2008). Immunophenotyping of human CSF mononuclear cells has shown that
they contain both types of peripheral blood DCs (myeloid and plasmacytoid) (Pashenkov et
al. 2001). Thus, emerging research shows the growing importance of infiltration of
peripheral blood DCs into the CNS during neuroinflammation. Microglia, the resident
immune cells of the CNS, also assume the classic DC-like CD11c+ phenotype and are
present in brain parenchyma and juxtavascular regions (Prodinger et al. 2011). These cells
are derived from myeloid precursors, which colonize the CNS during embryonic
development. While there is some evidence showing that DCs are essential APCs in the
context of autoimmune disease progression (Bailey et al. 2007; Greter et al. 2005), the
importance of DCs relative to microglia in viral clearance has recently been noted by
researchers who ablated peripheral DCs in mice and infected them with a non-fatal
encephalitic viral load (Ciavarra et al. 2006; Steel et al. 2009). Ablation of peripheral DCs
profoundly inhibited the viral uptake and presentation to induce virus-specific CD8+ T cells
needed for viral clearance. Delayed viral clearance in the brain depleted of DCs correlated
with decreased survival in these mice. The infiltration of DCs from the periphery during
neuroinflammatory autoimmunity has been studied particularly in EAE models of MS.
Studies indicate that DCs are capable of perpetuating CNS-targeted autoimmunity when
antigens are readily available, but other APCs (B cells, microglia) may be required to
efficiently initiate pathogenic CD4 T cell responses (Wu et al. 2011). In studies using
transgenic mice in which APC capacity is restricted only to peripheral blood DCs, peripheral
DCs seem to be sufficient to reactivate myelin-specific T cells in order to initiate EAE
(Greter et al. 2005). The number of DCs infiltrating from the blood increases with increasing
clinical severity of EAE. In fact, evidence shows that they interact with naive CD4+ T cells
driving Th17 differentiation, a T-cell subset involved in chronic inflammatory disease
(Bailey et al. 2007). The most compelling evidence of DC migration into the CNS comes
from recent intravital videomicroscopy showing in vivo DC migration across inflamed
spinal cord white matter micro-vasculature in EAE mice (Jain et al. 2010). The multi-step
sequence of events associated with immune cell transmigration during neuroinflammation,
including the role of DCs as antigen presenting cells in autoimmunity, is potrayed in Fig. 2.
Although the site for antigen presentation is often debated, owing to the absence of
lymphatics in the CNS, there are indications that these DCs are known to both drain into the
cervical lymph node (CLN) during onset of inflammation and also stay in situ in brain
parenchyma (Bailey et al. 2007; Hatterer et al. 2008). These findings suggests that DCs can
indeed operate as major antigen-presenting cells once recruited within the CNS during
inflammation and infection.
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Evidence is emerging for the importance of DC migration in CNS infection and
inflammation and of the mechanistic interactions of DCs with the microvasculature of the
BBB in terms of receptors to which they bind and chemokines to which they respond.
Information on the migratory properties of DCs will help us understand their subsequent
phenotype and function in the CNS. Moreover, targeting the mechanisms involved in DC
trafficking can be useful in selectively exploiting migration in order to potentiate cancer
immunotherapeutic strategies such as vaccination or to attenuate autoimmunity and
subsequent neuroinflammation.

Chemoattraction of DCs at the BBB
The BBB strictly controls the movement of immune cells into the CNS thereby making the
brain an immunoprivileged organ. However, under pathologic conditions such as viral or
bacterial infections or during inflammatory disease such as MS, DCs along with other
immune cells (T cells, monocytes, macrophages) readily traverse the BBB and subsequently
enter the perivascular, CSF and parenchymal regions of the brain. They exist endogenously
in both immature as well as mature states. One key difference in DC maturation includes
differential chemokine receptor expression and its resulting response to receptor associated
chemokines. Certain combinations of chemokines and cytokines, based of the state of DC
maturation effectively recruit DCs from the blood to the site of the BBB (Dieu et al. 1998).

Immature DCs
Immature DCs express C-C Chemokine Receptor 2, 3, 5 (CCR2, CCR3 and CCR5) and
thereby are shown to migrate in the presence of their respective ligands including C-C
Chemokine Ligand 2 [Monocyte Chemotactic Protein-1 (MCP-1, a.k.a. CCL2)], C-C
Chemokine Ligand 3 [Macrophage Inflammatory Protein (MIP-1α, a.k.a. CCL3)], and C-C
Chemokine Ligand 5 [Regulated Upon Activation, Normal T-cell Expressed and Secreted
(RANTES a.k.a. CCL5)] in mice as well as in primates (Barratt-Boyes et al. 2000; Zozulya
et al. 2007). In vitro treatment of brain endothelial cells with Tumor Necrosis Factor-alpha
(TNF-α), interleukin-1β (IL-1β), lipopolysaccharide (LPS), and a combination of TNF-α and
interferon-γ (IFN-γ), but not IFN-γ alone, significantly upregulated the expression and
release of CCL2 and CCL3 in a time-dependent manner (Chui and Dorovini-Zis 2010). A
substantial level of CCL2 expression was also observed late in acute disease and continued
to be evident in the relapsing phase of the disease. CCL2 expression correlated with
increasing severity of clinical relapses (Kennedy et al. 1998). When chemokine production
during EAE was evaluated, CCL2 and CCL5 levels were found to be high during the onset
of EAE induction, peaking at the time of most severe phenotype. Inhibiting production of
these chemokines results in inhibited adherence and migration of leukocytes to endothelium
as seen by intravital videomicroscopy (dos Santos et al. 2005). C-C chemokine expression in
the CNS throughout the entire course of EAE showed that the production of CCL3
correlated with increasing acute disease severity and remained elevated throughout chronic
and relapsing disease (Kennedy et al. 1998). Therefore, release and presentation of CCL2,
CCL3 and CCL5 surrounding cerebral endothelium suggests an important role for these
chemokines in regulating the trafficking of DCs across the BBB in CNS inflammation.
Indeed astrocytes, an important component of the neurovascular unit, have been shown (in
vitro) to produce CCL2, CCL3, CCL4, CCL5, CCL20, and CXCL12, which are
chemoattractive to immature DCs (Ambrosini et al. 2005). A desensitization of immature
DC receptor CCR5 to by treatment with high doses of CCL5 showed reduced migration of
these cells towards inflamed areas and they do not exhibit considerable APC capacity
(Ambrosini et al. 2005).
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Mature DCs
In marked contrast to immature DCs, mature DCs lack CCR5 but have upregulated CCR7.
CCR7 responds to chemokines C-C Chemokine Ligand 19 (CCL19) and 6Ckine (CCL21).
Thus, mature but not immature DCs transmigrate in the presence of these chemokines
(Barratt-Boyes et al. 2000; Ricart et al. 2011; Zozulya et al. 2007). Recently, CCL21 by
itself has been deemed sufficient to mediate mature DC migration (Britschgi et al. 2010).
There is also evidence for CXCR4 upregulation in mature DCs independent of CCR7
receptor presence. This indicates that CXCL12, the endogenous ligand for CXCR4, can
direct migration of mature DCs as well (Ricart et al. 2011). Upregulation of chemokines
CCL19 and CCL21 have been further implicated in stimulating DCs to produce IL-23. This
further facilitates IL-23 dependent differentiation of Th17+ cells that promote EAE
induction (Kuwabara et al. 2009). These data suggest that mature DCs contribute to
autoimmune disease pathology, with the help of receptors responding to these two
chemokines. Table 1 summarizes various chemokines, their receptors, and their implications
in CNS disease.

It is being established that immature DCs possess greater migratory potential across the
BBB than mature DCs. Possibly mature DCs lose the ability to be chemoattracted by CNS-
emitted chemokines that are known to act exclusively on immature DCs, and gain CCR7
receptor that is required to present antigen in areas rich in T cells (Bianchi et al. 2000). Just
as DCs mature upon reaching lymph nodes after attraction and emigration of their immature
form through lymphatics in the periphery, maturation of DCs and subsequent antigen
presentation to T cells might take place in situ in brain tissue after chemotactic attraction of
immature DCs across the BBB. For example, DCs may follow the same transmigratory path
as monocytes in the presence of the CCL2 ligand at the endothelial vasculature. CCL2 is a
chemoattractant to monocytes known to recruit them via CCR2 binding (Rollins 1996).
When monocytes were characterized for maturation and differentiation during
transmigration across the BBB (Buckner et al. 2011), it was found that only monocytes that
have begun the process of maturation bind firmly to endothelium in the presence of CCL2
and are able to transmigrate across the BBB. Once transmigrated, they fully mature into
macrophages capable of antigen presentation (Buckner et al. 2011; Geissmann et al. 2010).
There is additional evidence that monocytes can differentiate into DCs during
transendothelial migration (Geissmann et al. 2010; Ifergan et al. 2008; Randolph et al.
1998). Recent unpublished work from our laboratory has shown that DCs can traffic across
the brain endothelium monolayer in vitro at much higher rates than can other immune cell
types (including monocytes) in the presence of CCL2, one of the key chemoattractive
stimuli released in neuroinflammation.

Adhesion and recruitment of DCs to endothelial basement membrane
DCs interact with blood vessel endothelial cells during recruitment from the blood into the
CNS. It has been suggested that DCs may express “homing receptors,” similar to those of T
cells, for certain endothelia (Austyn et al. 1988). A multistep paradigm for leukocyte
trafficking was elucidated to suggest migration from blood into tissues as tightly regulated
and mediated by a multistep process involving four steps: 1) leukocyte tethering and rolling;
2) rapid activation by chemokines; 3) firm adhesion to endothelial proteins; and 4)
diapedesis or transmigration (Springer 1994). Immature DCs migrate from the blood into
peripheral tissues either to replenish resident DCs or in response to inflammatory signals. As
illustrated in Fig. 3, DCs, like other leukocytes, may undergo chemoattraction and activation
due to chemokines from the inflamed neurovasculature; tethering and rolling by
upregulating selectins and DC-SIGN (dendritic cell-specific intercellular adhesion
molecule-3 grabbing non-integrin); firm adhesion by upregulating integrins; enabling
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eventual transmigration using DC-SIGN. Intercellular adhesion molecules (ICAMs),
vascular cell adhesion molecules (VCAMs), platelet-endothelial cell adhesion molecules
(PECAMs), and other TJ proteins on endothelial cells facilitate binding of DCs to
endothelium. Table 2 summarizes the ligands and receptors involved in DC migration during
the multistep cascade.

Tethering and rolling
Tethering and rolling is the first step in the transmigration cascade resulting from
recruitment by chemokines and functional immune surveillance.

Receptors and ligands on DCs
PSGL-1—It was shown that in Tcells, Cutaneous Lymphocyte-associated (CLA) Antigen is
sometimes present and occurs almost exclusively on the protein backbone of P-Selectin
Glycoprotein Ligand-1 (PSGL-1) (Engelhardt et al. 2005). Tcells exhibiting the CLA
isoform of PSGL-1 can tether and roll on both E- and P-selectin decorated endothelium,
whereas Tcells expressing PSGL-1 without the CLA epitope do not bind E-selectin, though
they may bind P-selectin. Circulating neutrophils, monocytes and cultured blood dendritic
cells have also been shown to express CLA almost entirely as an isoform of PSGL-1
(Kieffer et al. 2001). These cells tether and roll on both E- and P-selectin. By comparing the
selectin-binding capacity of the different DC subpopulations, it was confirmed that only
CLA-expressing DCs bind P and E selectin (Schakel et al. 2002). A role in
immunosurveillance has also been attributed to CLA/PSGL-1 ligand which was found to roll
continuously on noninflamed endothelium in vivo mediated by P- and E-selectin binding
(Robert et al. 1999). Conversely, emigration of immature DCs into inflamed tissue was
retained in the presence of a PSGL-1 blocking antibody (Pendl et al. 2002), suggesting that
other ligands may be involved in homing to P- and E-selectins on endothelium.

L-selectin—A type of cell adhesion molecule belonging to the selectin family known as L-
selectin (CD62L) is expressed on all circulating leukocytes, except for a subpopulation of
memory T lymphocytes. Increased expression of sulfoglucuronosyl paragloboside (SGPG),
a ligand to L-selectin on DCs and other leukocytes, was shown to occur upon treatment of
brain microvascular endothelial cells (BMVECs) with interlukin-1 beta (IL-1β) (Kanda et al.
1995), potentially allowing increased DC binding during inflammation. Soluble L-selectin
has been found in serum and the CSF of patients with MS, suggesting that L-selectin on
leukocytes and possibly DCs adhere to BMVECs via an appropriate ligand, transmigrate,
and shed from the cell surface after adhesion as circulating soluble receptors (Mossner et al.
1996).

DC-SIGN—DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing
Non-integrin), a C-type lectin, has been found to be exclusively expressed on monocyte-
derived DCs and not on monocytes, activated monocytes, monocytic cell lines, granulocytes,
Tcells, B cells, activated B and T cells, thymocytes, or CD34+ bone marrow cells. DC-SIGN
was first identified as a DC-specific marker that binds with high affinity to ICAM-3 present
on resting T cells. DCs generated in vitro abundantly express DC-SIGN at day 7, and flow
cytometric analysis with anti-DC-SIGN antibodies demonstrates that DC-SIGN is expressed
by both immature and mature DCs (Arjmandi et al. 2009; Geijtenbeek et al. 2000b).
Researchers have proposed that DC-SIGN efficiently captures HIV-1 in the periphery and
facilitates its transport to secondary lymphoid organs rich in T cells, to enhance infection in
trans of these targeted cells (Geijtenbeek et al. 2000a). DC-SIGN also mediates the tethering
and rolling of cells along ICAM-2-expressing surfaces. ICAM-2 is expressed constitutively
on the endothelium of both blood and lymphatic vessels, as well as on high endothelial
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vascular cells and leukocytes. DC-SIGN also plays a part in DC trafficking because it binds
not only ICAM-2 but also ICAM-3 expressed by many endothelial cells, supporting
tethering and rolling of DCs on endothelium as well as chemokine-induced transmigration
of DCs across both resting and activated endothelium in vitro (Figdor 2003; Geijtenbeek et
al. 2000b). Immature DC adhesion to activated human brain microvascular endothelial cells
(HBMECs) was significantly downregulated with primary blocking antibodies against
ICAM-2 (down to 60%) and DC-SIGN on immature DCs (down 49%) (Arjmandi et al.
2009). Finally, DC arrest, preceeding transendothelial intravasation, was shown to be
mediated by integrin (Leukocyte Function-associated Antigen-1 [LFA-1]) interactions with
the endothelium (van Kooyk and Geijtenbeek 2002).

Receptors and ligands on brain endothelium
P- and E-selectins—The selectin family of adhesion molecules has N-terminal domains
homologous to calcium-dependent lectins (Bevilacqua and Nelson 1993; Rosen 1993).
Selectins are responsible for the initial tethering of a flowing leukocyte to the vessel wall
and for labile, rolling adhesions. Circulating DCs first need to tether to endothelial cells
through the interaction of E- and P-selectins with their respective ligands. Little is known
about DC-brain endothelium in terms of selectin interaction; however, these components
have been found to exist on both DCs and brain endothelium. P-selectin was found to be
stored in the Weibel-Palade bodies of endothelial cells and the granules of platelets
(Bonfanti et al. 1989). P-selectin has been found in BMVECs and is upregulated during
focal cerebral ischemia/reperfusion, which may contribute to enhanced leukocyte adherence
and persistent activation (Okada et al. 1994).

The domain organization of P-selectin was shown to be strikingly similar to two other cell
surface structures: ELAM-1 (E-selectin/CD62E) and LAM-1 (L-selectin/ CD62L) (McEver
1990). These “selectins” constitute a new gene family of receptors with related structure and
potentially related function. Exon duplication and rearrangement play a role in generating
this family of proteins that facilitate cellular interactions during inflammation (Johnston et
al. 1990). E-selectin is induced on vascular endothelial cells by cytokines such as IL-l
(Barkalow et al. 1996; Kanda et al. 1995), LPS (Hess et al. 1996; Wong and Dorovini-Zis
1996), or TNF (Barkalow et al. 1996; Hess et al. 1996; Wong and Dorovini-Zis 1996) and
requires de novo mRNA and protein synthesis. No basal expression of E-selectin was found
in human BMVECs (Hess et al. 1996). Presence of elevated levels of soluble E-selectin has
been suggested as an indicator of endothelial cell damage in patients with MS (Tsukada et
al. 1995). One study determined that patients with primary progressive MS had significantly
increased soluble E-selectin concentrations (shed after leukocyte tethering) compared with
patients with relapsing-remitting and secondary progressive disease, who had normal E-
selectin concentrations (Giovannoni et al. 1996; McDonnell et al. 1999). Like P-selectin, E-
selectin has been shown to upregulate during focal ischemic brain injury (Wang and
Feuerstein 1995; Zhang et al. 1996) and also in the presence of LPS-activated HIV-infected
monocytes. Other studies showed that microRNA constructs miR-E1 and miR-E2
complementary to the human E-selectin cDNA can be used to suppress E-selectin
expression (Nottet et al. 1996; Yoshizaki et al. 2008). Thus, E-selectin can be silenced to
inhibit leukocyteendothelial adhesive interactions, during inflammatory conditions.

Little conclusive information exists about ligands on DCs that bind to P- and E-selectins.
However, these selectins have been shown to be important retention of immature DCs to
sites of inflamed tissue (Pendl et al. 2002). Interestingly, antibodies directed against E- and
P-selectin that inhibited the recruitment of TH1 cells into inflamed skin in vivo did not
influence recruitment of inflammatory cells into the CNS during EAE (Engelhardt et al.
1997). A role for P and E-selectins in development of EAE in mice has also been ruled out
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because E/P-selectin-deficient SJL and C57BL/6 mice develop clinical EAE
indistinguishable from wild-type mice (Doring et al. 2007). One study showed that blocking
E-selectin and its ligand s-Lex did not affect immature DC adhesion to activated MVECs
(Arjmandi et al. 2009). P- and E-selectin are probably involved only in immune surveillance
(Robert et al. 1999) and very early stages of recruitment (Carrithers et al. 2000; Engelhardt
et al. 1997) and may not be necessary or sufficient for all immune cell trafficking. Most
studies have been carried out with T cells and macrophages, and it remains to be seen
whether blood DCs interact with P/E-selectin on brain endothelium in the same manner.

Firm adhesion
The second and most extensively studied step in the cascade, firm adhesion is essential for
homing DCs onto the endothelium to facilitate the process of transmigration.

Receptors and ligands on DCs
Integrins—Chemoattractants bind to transmembrane receptors on the surface of
leukocytes. These couple to cytosolic G proteins which transduce signals that activate
integrin adhesiveness. The integrins can then bind to immunoglobulin-SF (IgSF) members
on the endothelium, increasing adhesiveness and resulting in arrest of the rolling leukocyte.
Following directional cues from chemoattractants and using integrins for traction,
leukocytes then cross the endothelial lining of the blood vessel and enter the tissue (Springer
1994). Firm adhesion between DCs and endothelial cells is dependent on the engagement of
chemotactic receptors and subsequent integrin activation on DCs. Human DCs express the
β2 integrins LFA-1, Mac-1 and p150; and the β1 integrins very late antigen VLA-4 and
VLA-5, which mediate their binding to both resting and activated endothelial cells and to
endothelial cell–derived ECM (D'Amico et al. 1998).

The identification of adhesion molecules involved in the binding to resting endothelial cells
was performed by using functional blocking by monoclonal antibodies. Anti-CD11a, anti-
CD11b, and anti-CD18 antibodies partially inhibited adhesion (Brown et al. 1997). Anti-
VLA-4 alone did not inhibit adhesion but the combination of anti-CD18+ anti-VLA-4 was
more inhibitory compared with anti-CD18 alone. These results show the important role of
VLA-4 in leukocyte adhesion. Antibody blocking studies demonstrated that DC binding to
untreated and TNF-α-treated endothelium was dependent upon the expression of CD11a,
CD18, and CD49d on DCs, and the simultaneous application of anti-CD18 and anti-CD49d
antibodies produced an approximate 70% inhibition of adhesion. Thus, the expression of
both β1 and β2 integrins contributes to the adhesive interaction between DCs and
endothelium. When neutralizing antibodies were also applied against both endothelial cell
adhesion molecules and their ligands, adhesion of immature DCs was significantly
downregulated by blocking their ICAM-1/CD18 and VCAM-1/VLA-4 interactions
(Arjmandi et al. 2009).

Blocking α4 integrins interfered with the adhesion but not the rolling or capturing of
immature and LPS-matured DCs to the CNS microvascular endothelium, inhibiting their
migration across the vascular wall (Jain et al. 2010). Functional absence of β1 integrins but
not of β7 integrins or α4β7 integrin similarly reduced the adhesion of immature DCs to the
CNS microvascular endothelium, demonstrating that α4β1 but not α4β7 integrin mediates
this step of immature DCs’ interaction with the inflamed BBB during EAE.

L1CAM—The adhesion molecule L1, found on glia and extensively characterized in the
nervous system (Dahme et al. 1997; Kenwrick et al. 2000), is also expressed in cells of
myeloid origin such as DCs (Maddaluno et al. 2009; Pancook et al. 1997), but its function
there has remained elusive. To address this issue, L1CAM expression was ablated in DCs of
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conditional knockout mice. L1CAM-deficient DCs were impaired in adhesion to and
transmigration through monolayers of either lymphatic or blood vessel endothelial cells,
implicating L1CAM in transendothelial migration of DCs (Maddaluno et al. 2009) The
interaction of L1CAM with homophilic and heterophilic receptors on brain microvasculature
has yet to be examined.

Receptors and ligands on brain endothelium
Endothelial cell adhesion molecules (eCAMs)—Using a well-established in vitro
model of the human BBB, it has been previously demonstrated that unstimulated human
brain endothelial cells constitutively express low levels of ICAM-1 and barely detectable
VCAM-1 (Wong and Dorovini-Zis 1992, 1995). However, activation with bacterial LPS or
cytokines maximally upregulates VCAM-1 and ICAM-1. Evidence for the colocalization of
VCAM-1 at sites of ICAM-1 clustering has been seen before on endothelial cells treated
with TNF-α, suggesting upregulation during inflammation. Biochemical pull-down assays
showed that ICAM-1 clustering induced its association to VCAM-1, suggesting a physical
link between these two adhesion molecules. CAMs on endothelia play an important role in
T-cell adhesion and migration across HMVEC monolayers (Wong et al. 1999). It was shown
that T-cell crawling to sites permissive for diapedesis across BBB endothelium is mediated
by endothelial ICAM-1 and ICAM-2. An increase in DC trafficking has been shown to
require integrin-dependent adhesion to ICAM-1 and VCAM-1 (Steiner et al. 2010),
expressed on inflamed lymphatic endothelium. Increasing evidence shows, however, that
DC trafficking via cell adhesion molecules is integrin independent, suggesting another
ligand is responsible for ICAM-1/VCAM-1 interaction. Integrin interaction and DC
interaction with these CAMs on brain endothelial cells remain to be explored.

Transmigration
Transmigration is the final step in the cascade, in which dendritic cells squeeze through the
basement membrane to enter the perivascular space of the CNS.

Receptors and ligands on DCs
Integrin-mediated podosomes—Podosomes are assembled actin-rich structures on
mature DCs that are thought to be necessary, through the integrin β2 (CD18) subunit, for
tight adhesion to ICAM-1 (Burns et al. 2004). As maturation progresses, DCs once again
become rounded and devoid of podosomes. In immature DCs, failure to form podosomes or
selective inhibition of the CD18 component of podosomes resulted in a similarly reduced
ability to adhere to ICAM-1, indicating that podosomes, through CD18, are necessary for
tight adhesion to this ligand. Thus, directional cell protrusion due to podosome assembly
during DC maturation also suggests that it may be a critical step toward early transmigration
through endothelium.

Receptors and ligands on brain endothelium
PECAM, JAM-A, and other junctional proteins

Platelet Endothelial Cell Adhesion Molecule (PECAM/CD31) is expressed on the surfaces
of transmigrating leukocytes and concentrated at the borders of endothelial cells. PECAM is
capable of homophilic interaction and subsequent transmigration. Blockade of PECAM
function selectively blocked transendothelial migration but had no effect on adhesion of
leukocytes to the apical surface of endothelium, nor did it interfere with the ability of
leukocytes to move. Its only effect is on migration across the endothelial junction (Muller
and Randolph 1999). Monocyte transmigration has been shown to be a result of
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accumulation of endothelial PECAM-1 (Hashimoto et al. 2011). There can be little doubt
that transmigration of DCs involves engagement of PECAM-1 on the brain endothelium.

Similarly, Junctional Adhesion Molecule-A (JAM-A), a 32-kDa transmembrane
glycoprotein belonging to the immunoglobulin superfamily of proteins, is expressed at the
intercellular junctions of epithelial and endothelial cells, may have a role in binding
leukocytes and in directing their transmigration through endothelial junctions, both by
homophilic binding and by linking integrin LFA-1 (Cera et al. 2004; Ostermann et al. 2002).
JAM-A was first identified in 1998 as a novel protein that is selectively concentrated at
intercellular junctions of endothelial and epithelial cells of different origins (Martin-Padura
et al. 1998). A monoclonal antibody directed to JAM-A was found to inhibit spontaneous
and chemokine-induced monocyte transmigration through an endothelial cell monolayer in
vitro. JAM-A consists of an intracellular PDZ-domain binding motif, a transmembrane
segment, and two extracellular immunoglobulin (Ig) domains. The PDZ-domain binding
motif has been shown to associate with the TJ components in occludin, zonula occludens 1
(ZO-1), and cingulin and is involved in cell signaling. During leukocyte migration, the
homophilic transendothelial interactions between these receptors must be disrupted to enable
a migrating leukocyte to pass through the junction. Recently JAM-A expression has been
found to be localized not only at tight junctions of endothelial and epithelial cells but also on
circulating leukocytes and DCs (Ogasawara et al. 2009), implying that homophilic binding
could also occur between DCs and the junctional molecule on endothelium. However, the
idea that the presence of LFA-1 on DCs can compete with JAM-A homophilic interactions
across cell junctions to weaken these junctions and allow transmigration (Wojcikiewicz et
al. 2009) seems plausible. L1CAM found on DCs is also found on endothelial cells under
inflammatory conditions and could be an example of another homophilic interaction to
enable transmigration across the BBB (Maddaluno et al. 2009). In addition, TJ proteins
ZO-1, ZO-2, and claudin-4, -7, -8, and −9 were all detected on DCs (Ogasawara et al. 2009).
We speculate on whether expression of TJ proteins on mature DCs may be needed to help
them transmigrate easily across the BBB.

Potential in vivo imaging tools to study DC trafficking into the CNS
From the clinical standpoint as well as for capture of inflammatory disease timecourse
measurements, noninvasive methods are desirable for imaging migration of leukocytes into
areas of infection and inflammation. A host of imaging tools has been developed over the
past decade for these types of measurements. For example, near-infrared fluorescence
(NIRF) and bioluminescence imaging (BI) can now be routinely performed using standard
optical imaging systems for rodents such as the Caliper Lifesciences IVIS (detailed below),
Kodak Image Station-XF and LI-COR Bioscience Pearl Impulse imager (NIRF only). These
systems acquire largely 2D data on optically engineered cells or fluorescent probe
distribution. BI is exquisitely sensitive in small animals and is routinely used to detect gene
transcription within engineered cells or micrometastasis within any tissue long before those
cells are detectable using other modalities. One of the biggest drawbacks of the optical
systems, however, is lack of depth penetration for photons of decreasing wavelength (a few
millimeters tissue depth) leading to non-tomographic and semi-quantitative data, especially
true for fluorescene-based imaging. Magnetic resonance imaging (MRI) can generate very
high-resolution images of contrast-enhanced cellular migration in the context of spatial
localization, providing good contrast between the soft tissues of the body for detailed
visualization of internal structures. With MRI, however, sensitivity can be a limiting factor
as is the mode of contrast. With T1-type relaxation probes, Gd3+ is the most frequently used
contrast material to influence the spin of water protons surrounding the probe while Fe2O3,
magnetite, directly and more potently contributes to T2* relaxivity and is employed most
commonly as in vitro phagocytosed nanoparticle beads for cell tracking (Balagopalan et al.
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2011; Kraitchman et al. 2005; Lange et al. 2005). A balance between sensitivity, non-
invasiveness, generation of tomo-graphic data and resolution exists in the form of nuclear
imaging in which leukocytes may be directly labeled on the cell surface in vitro or
repeatedly labeled in vivo with specific radiolabeled antibodies or small molecule ligands or
internally labeled with radiolabeled particles for phagocytosis prior to administration to the
animal model. These imaging techniques are widely used in nuclear medicine and are
generally referred to as positron emission tomography (PET) and single-photon emission
computed tomography (SPECT). PET is capable of generating three-dimensional images of
the migration of leukocytes in both humans and animal models. In the context of leukocyte
recruitment at the BBB during neuroinflammation, direct observation of subcellular
microcirculation by imaging methods is impaired because brain and spinal cord are obscured
by the skull and spinal column, respectively. For these purposes, videomicroscopy of the
surgical cranial window has been developed for animals that allows observation of the CNS
microcirculation in real time. Use of this technique, despite its invasive nature, is important
for studying leukocyte interaction with the CNS microvasculature. Further, advancement in
intravital imaging, namely invention of two-photon videomicroscopy, has enabled better
visualization of immune cell recruitment. Here we will discuss the utility of these tools in
studying DC trafficking into the CNS.

Molecular imaging for DC based therapeutic intervention
Leukocyte interaction with target sites has traditionally been visualized using histologic
staining of animal tissues. However, noninvasive imaging tools are increasingly used for
improved clinical translation. Dynamic migration of DCs can also be visualized using these
noninvasive methods. DC-based therapies have shown promise in recent years for diseases
such as cancer, autoimmune conditions, neurodegeneration, and stroke. The first therapeutic
cancer vaccine Sipuleucel-T (Provenge, Dendron Corp.) was approved for treatment of
prostate cancer. Besides ex vivo generation of autologous DCs and subsequent pulsing with
antigen, a novel approach to create vaccines via DCs is based on DC targeting (Caminschi et
al. 2009; Flacher et al. 2009; Palucka et al. 2011). In this method, antigens are delivered
directly to DCs in vivo using chimeric proteins made of anti-DC receptor Ab fused to the
selected antigen (Ueno et al. 2011). Such DC immunotherapies (i.e. derived from patient)
that act to activate T cells in the immune system are being successfully tested in clinical
trials. Different DC subsets elicit different T cells responses and this phenomenon can be
harnessed to develop therapeutic vaccines to treat either autoimmunity or cancer (Palucka et
al. 2011; Ueno et al. 2011).

Efficacy of these therapies can best perceived concurrently with imaging tools to detect in
vivo migration of these DCs generated ex vivo, so as to determine cellular fate and
mechanistic efficacy post injection. The need to use therapeutic intervention in conjunction
with in vivo imaging to view real-time physiological events within the host has led to rapid
advances in molecular imaging, in particular noninvasive imaging tools such as optical
imaging, MRI, and PET/SPECT.

Optical imaging of DC migration—A relatively new high-resolution technique,
confocal laser scanning microscopy, incorporates spectroscopy and anisotropy imaging
capabilities to permit visualization of specific cell types at high spatial resolution in vivo via
optical imaging (Bigelow et al. 2003). Usually, fluorescent antibodies are injected
intradermally into an animal model to label selected dermally localized targets in situ. The
availability of a wide variety of fluorescently conjugated antibodies renders this technique
very attractive for many applications in immunology and tumor biology. This technique has
been used successfully in labeling endogenous DCs at the site of mammary tumor grown
intradermally in the ears of BALB/c mice (Cummings et al. 2008). In another instance,
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optical imaging was performed using an IVIS (Caliper Life Sciences, Hopkinton, MS)
fluorescence reflectance whole-mouse imaging system with a charge-coupled camera, which
illuminates in vivo fluorescent sources (in this case, a fluorescein-myristic acid conjugate
linked with an 11-mer polyarginine peptide). This conjugate was shown to be taken up by
both mature and immature DCs upon short incubation. When these exogenously labeled
DCs were injected subcutaneously into mice, green fluorescence was detected in a proximal
lymph node within 24 h (Pham et al. 2007) and confirmed by histological analysis. In
addition to directly labeled antibodies, targeted quantum dots (QD) are currently being
investigated for use as luminescent biologic probes. These nanoparticles have attractive
optical characteristics, including high-absorption cross-section, relatively narrow and
symmetric luminescence bands, and high resistance to photobleaching. In one example of
NIR QD-assisted tracking of DCs, in vitro DC-phagocytosed QDs have been injected into
the hindleg footpad of a C57Bl/6 mouse and allowed to migrate (Noh et al. 2008).
Preconditioning of the injection site with proinflammatory cytokines such as TNF-α led to
10-fold enhanced DC migration to the draining lymph nodes. Within 12 to 48 h after
injection, the QD NIR fluorescence signals in the popliteal lymph node (pLN) were further
increased. NIR scanning has also been used to detect dyes coated onto perfluorocarbons
(PFCs). Because of the phagocytic properties of the DCs, synthesized IRDye800-coated
perfluorooctyl bromide (PFOB) nanoemulsions could be easily incorporated into DCs in
culture, even in the absence of cell penetrating peptides. To test in vivo migration of DCs,
our laboratory has successfully used NIR imaging to trace peripherally injected exogenous
BMDCs with transient adenovirus expressing PSMA to the site of an inflammatory tumor
(unpublished data). Also, recent evidence of both leukocyte and lymphocyte (macrophages,
B cells) recruitment to the vicinity of inflammatory brain tumors was shown in orthotopic
tumor models in mice upon injecting IRDye800-labeled specific antibodies (anti-CD68 Ab
(macrophages), anti-CD20 (B cells) and isotype control) and imaging the mice at four days
post-antibody injection (Fig. 4, unpublished data).

To explore the in vivo survival and trafficking of DCs, another important optical imaging
technique employs the use of bioluminescence imaging (BLI). This method has proved to be
a sensitive technique for visualizing the trafficking and survival of cellular populations in
living animals, due to the high tissue penetrating capability of the photons produced. BLI is
based on the introduction of a reporter gene encoding for the bioluminescent protein
luciferase (Luc). Dual-function reporter genes that express Luc in addition to a fluorescent
reporter (such as green fluorescent protein [GFP]) bear the potential of linking high-
resolution ex vivo histology and in vivo imaging. This offers an opportunity to refine and
accelerate studies of cellular fate and function after intravenous transfer to unlabeled
recipient animals. In a study demonstrating that DCs can be monitored in vivo with BLI,
bone marrow-derived DCs (BMDCs) were transduced with a retroviral vector encoding Luc
and GFP. The GFP positivity of DCs enabled fluorescence microscopy on excised tissues
that were carefully sampled based on the findings of in vivo BLI. On day one following
transfer, DCs were detected in the lungs and spleen of mice. Later, DCs were found in
mesenteric lymph nodes, Peyer's patches, spleen, and thymus for up to 6 weeks after transfer
(Schimmelpfennig et al. 2005).

While most of this work has imaged the peripheral lymph nodes, enhanced DC migration
into areas of the CNS can be studied using similar techniques during neuroinflammation.
Our preliminary studies focused on the bioluminescence detection of Luc- and GFP-
transduced DCs by BLI imaging. Highly inflammatory murine Lewis Lung carcinoma 3LL
cells were stereotactically introduced into the right mesocortical lobe of C57BL/6 mice and
tail-vein injected transduced DCs were subsequently tracked ex vivo towards the site of the
tumor. Histochemical analysis detected ex vivo DC-GFP fluorescence in the cervical lymph
nodes (cLN), supporting DC migration into the CNS and drainage into cLN (unpublished
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data). These initial observations must be validated in further comprehensive in-depth
investigations.

MRI in DC migration—An established modality in imaging peripheral and CNS soft
tissue, MRI has been used pre-clinically to noninvasively track cellular migration. Para-
magnetic contrast agents such as superparamagnetic iron oxide (SPIO) and monocrystalline
iron oxide nanocolloid (MION) nanoparticles are frequently used to label many migratory
cells of interest including various stem (Kraitchman et al. 2005; Lange et al. 2005) and
myeloid lineage (Balagopalan et al. 2011; Filippi and Grossman 2002) cells. These
nanoparticles contain an iron core coated with dextran. For example, DCs externally labeled
using SPIOs and injected into a mouse footpad accumulated in peripheral lymph nodes
(pLNs) within 24 h as indicated by the increase in signal intensity of SPIO labeling
(Kobukai et al. 2010). SPIO nanoparticles have been repeatedly used for tracking the
migratory capability of T cells in the context of EAE. In mice with magnetic nanoparticle-
labeled Tcells, EAE lesions were observed in the lower thoracic and lumbar cord as discrete
hypointense regions on in vivo MRI, indicating the presence of the SPIO nanoparticle-
labeled cells. Mice receiving unlabeled cells did not exhibit similar hypointense regions in
the thoracolumbar cords (Anderson et al. 2004). Labeled myelin-reactive Tcells were
systemically transferred to naive rats in order to examine the cells’ infiltration in the spinal
cord and the brain. Ex vivo imaging of the brain and spinal cord showed hypointense areas
in the sacral part of the spinal cord, rostral to the cauda equina, indicating the presence of the
transferred SPIO-labeled cells (Baeten et al. 2010). MRI studies of macrophage infiltration
in carotid atherosclerotic plaque, stroke, brain tumor, and MS are reviewed elsewhere (Corot
et al. 2004). Recently, magnetosome-like nanoparticles prepared by coating polyethylene
glycol-phospholipid (PEG-phospholipid) onto ferromagnetic iron oxide nanocubes (FIONs),
were used to demonstrate efficient uptake in breast cancer cells (Lee et al. 2011). The
magnetization of FIONs being higher than that of SPIO, the r2 reflexivity of FIONs become
two- to three-fold greater making them highly sensitive MR contrast agents. These
nanocubes were further used to label pancreatic islets, which were infused into diabetic rats.
In vivo MR imaging performed by a clinical 1.5 T scanner showed that the the islets were
clearly observed as dark spots representing single cells within the liver in the T2* MR
images. Transplantation of cells brought down glucose levels in rats given the pancreatic
islets.

Another class of nanoparticles includes the PFCs, including perfluoropolyethers (PFPEs).
Perfluorocarbons are highly chemically stable and are attractive compounds for formulating
MRI reagents owing to their biological and chemical inertness. They are not degraded by
any known enzyme found in the body and maintain their structure at typical lysosomal pH
values, thereby providing long-lasting intracellular labeling. Intriguingly, PFPE is both
hydrophobic and lipophobic and does not become associated with cell membranes. The
nanoemulsion clearance is ultimately via the reticuloendothelial system and exhalation
through the lungs (Castro et al. 1984). PFC-labeled cells have been described recently with
the use of a novel imaging platform relying on 19F MRI. As with SPIO nanoparticle
labeling, DCs and other cells are labeled ex vivo with PFPE and reintroduced into mice to
monitor cellular trafficking. Compared with conventional 1H-based MRI, the fluorine-based
MRI data have no background signal, which is a key advantage of the technique (Zhang
2004). This difference in MRI technique was demonstrated when PFOB, a PFC, was used as
an 19F and 1H MR imaging nanoprobe in in vitro labeled DCs. MRI contrast was observed
from DCs co-labeled with IRDye800-coated PFOB nanoemulsions. When the DCs were
injected subcutaneously into the mice, 1H-based MRI provided a whole-body image whereas
the 19F-based MR technique showed only signals generated from the injected DCs labeled
with optically co-detected IRDye800-coated PFOB nanoemulsions (Lim et al. 2009).
Human DCs have also been effectively labeled with commercially available PFPE without
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significant impact on cell viability, phenotype, or function (Helfer et al. 2010). PFPE-
labeled injected human DCs were clearly detected in immunodeficient mice by 19F MRI,
with mature DCs being shown to migrate selectively towards draining lymph node regions
within 18 h. Interestingly, immature DCs were not observed to leave the injection site;
however, by 18 h a distinct population of the PFPE-labeled mature DCs was observed
located away from the injection site near the draining inguinal lymph nodes.

In light of the promise of MRI for in vivo imaging, detecting migration of DCs into the CNS
during infection or inflammation should be feasible. Once this technique is established,
mechanistic properties of the cells including functionality of cell surface markers in the
recruitment and transmigration process across the BBB can be explored. In example, the
function of RAGE (Receptor for Advanced Glycation End Products) has been studied in DC
homing to lymph nodes using SPIO MRI techniques. Mice were studied after intravenous
and subcutaneous injection of SPIO-labeled DCs. MRI showed that as opposed to wild-type
DCs, RAGE−/− DCs injected into the footpads of wild-type or RAGE−/− mice failed to
migrate to the draining pLNs, supporting the notion that expression of RAGE by maturing
DCs, but not on lymphatic endothelium, is required for DC migration (Manfredi et al. 2008).
It would be enlightening to study the in vivo interaction of surface receptors and ligands
found on DCs with the BBB endothelium in this manner.

Radionucleotide techniques in DC migration—One of the most sensitive techniques
among the current tomographic in vivo imaging tools is nuclear imaging using radioisotope
cell tagging, such as PET and SPECT. In an attempt to label DCs for use in this type of
imaging, a novel method of labeling with the positron-emitting radioisotope 18F using N-
succinimidyl-4-[F-18] fluorobenzoate was developed, which covalently binds to the lysine
residues of cell surface proteins. A PiPET (projection imager/positron emission tomograph)
scanner configured for planar projection imaging was used, which enable comparable
resolution to PET using a standard circular detector array. Planar projection imaging is less
susceptible to statistical uncertainties because the depth dimension is collapsed onto a two-
dimensional plane. Four hours after injection of 18F-labeled BMDCs into the hind footpad,
the majority of the injected dose remained at the site of injection in the footpad but
significant activity was detected in the draining lymph node as well as the liver, kidneys, and
bladder (Olasz et al. 2002). PETand SPECT images have also been acquired on 7th day
post-DC inoculation showing a significant accumulation of 18F-FIAU in lung and liver of a
“DC vaccine” against coccidioidomycosis, a fungal infection, as compared with a control
group. The molecular imaging technique was based on the use of 18F-labeled 2′-fluoro-2′-
deoxy-1β-D-arabinofuranosyl-5-iodouracil (FIAU), a specific substrate for herpes simplex
virus (HSV1)-thymidine kinase (TK). The DCs were cotransfected with Coccidioides-Ag2/
PRA-cDNA and a plasmid DNA encoding HSV1-TK. HSV1-TK phosphorylates 18F-FIAU
to phospho-18F-FIAU, which is then metabolically trapped and detected by the PET system
(Vilekar et al. 2010). As noted by this study, 111In-oxine SPECT imaging for DC trafficking
does not ensure the integrity of radiolabel and DC association in vivo, has poor resolution,
and lastly allows imaging only up to 3 or 4 days. Although the resolution of PET is higher
than that of SPECT, the latter meets the criteria of reasonable cost affordability by most
researchers. SPECT imaging agents generally have longer physical half-lives than those
used with PET, thereby permitting longer and more detailed neurochemical studies, when
needed, are possible with PET. Hence, both of these tools are highly permissive in their
abilities to track DC trafficking into the CNS. Our laboratory is presently using nuclear
imaging to trace the path of radiolabeled DCs into the CNS in the classic neuroinflammatory
model of EAE in mice. The first indications have shown that radiolabeled endogenous DCs
do have the capacity to migrate to mediastinal nodes, while we are still pursuing migration
of exogenously injected DCs using this method (unpublished data).
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Intravital fluorescence videomicroscopy in DC migration—Traditionally, intravital
microscopy has been employed in tissues that are thin enough to allow white light
transmittance through the sample. The successful use of brightfield videomicroscopy for
macrophage and neutrophil migration is reviewed elsewhere (Megens et al. 2011).
Brightfield intravital microscopy is cost-effective and reliable; however, the major
shortcoming is the lack of discrimination between cell subsets involved in the leukocyte
recruitment cascade. This limitation has been overcome by the introduction of
epifluorescence intravital microcopy, which involves labeling of cells with fluorescent
antibodies before injection. This improvised epifluorescence videomicroscopy has been
widely used to visualize T-cell interactions with CNS white matter microvasculature during
EAE via VCAM-1 binding (Vajkoczy et al. 2001). We and others have initiated efforts to
employ this technique in investigating functional roles of cell surface markers in DC
migration through the BBB and established α4-integrins as crucial players in the multistep
cascade of DC trafficking into the CNS, in addition to their proven role in T cell trafficking
(Jain et al. 2010). Pretreatment of cells with the α4-integrin blocking antibody (PS/2) did not
have a significant effect on initial contact and rolling or capture of both nonactivated and
activated DCs with the endothelial cells of the BBB. However, a dramatic difference was
observed at the level of firm adhesion calculated as the number of permanently adhering
DCs within a given field of view. Because blocking of α4-integrin did not affect the initial
contact (rolling/capture) of DCs, it is possible that two separate mechanisms are involved in
the initial recruitment of DCs to the BBB and their subsequent diapedesis across the
endothelial wall.

Intravital two-photon microscopy in DC migration—A fast, resonant-scanning
based two-photon platform has been established by modifying traditional videomicroscopy.
It allows for imaging deeper within tissues and can acquire images at close to video rate
acquisition speeds. A further advantage of this setup is the stability achieved by use of a
vacuum chamber placed on a thoracic window, whereby the organ can be gently
immobilized (Looney et al. 2011; Megens et al. 2011). Also, intravital two-photon
fluorescence microscopy is different from confocal microscopy in that the fluoropore
molecule absorbs two photons instead of a single photon. Thus, the excitation area can be
confined to the focal point on the objective lens, concentrating photons into a small area.
This gives rise to bright, high-resolution images and (unlike with optical imaging) can
penetrate up to 1 mm inside tissues and organs. Thus cellular imaging can be undertaken
under the preservation of vascular and lymphatic flow, innervation, oxygen metabolism, and
possibly soluble gradients. A procedure to visualize in real time the behavior of 5-(and-6)-
carboxyfluorescein diacetate, succinimidyl ester–labeled innate immune cells, such as DC
and natural killer (NK) cells, in the lymph nodes of live, anesthetized mice has been
established (Celli et al. 2008). Moreover, intrinsic biologic structures, including collagen
fibers, muscle, brain, cornea, and bone can be visualized without labeling them with
exogenous probes (Ishii and Ishii 2011). Antigen-loaded DCs were labeled with fluorescent
dye and then injected into the footpad of hindlimbs of a wild-type mouse (Stoll et al. 2002).
After 18 h, these antigen-loaded DCs were found in the pLN by intravital two-photon
imaging. For further insight on the use of two-photon microscopy in viewing DC behavior in
secondary lymphoid organs and peripheral tissue under homeostatic and inflammatory
conditions, refer to Cavanagh and Weninger (Cavanagh and Weninger 2008).

Intravital two-photon microscopy has been used successfully in visualizing brain
autoantigen-specific T cell behavior in EAE (Kawakami and Flugel 2010). These T cells
have been seen to crawl along the intraluminal surface of CNS blood vessels before they
extravasate into the perivascular environment where they meet DCs and macrophages. Here,
T cells can find antigen, be further activated, and produce cytokines, resulting in massive
immune cell recruitment and clinical disease. For a further comprehensive review on
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migration of effector T cells in the course of EAE using two photon microscopy (refer to
(Flugel et al. 2007)). The use of intravital two-photon microscopy in DC recruitment into the
CNS remains to be explored.

Conclusions
In conclusion, the evidence supporting the fact that that dendritic cells, like other leukocytes
can migrate into the immunoprevileged regions of the CNS are increasingly being provided.
Despite being the most potent antigen presenting cells in the body contributing towards both
primary as well as secondary immune response, their phenotype and function as they are
recruited across the BBB has been least explored amongst all leukocytes. Therefore, there
are significant gaps in knowedge about the characteristic receptors and ligands they utilize in
order to accomplish this transmigratory process. However, it is being revealed that these
cells are equipped with the right machinery to realize their functional goal as defense against
disease of the brain and spinal cord. A look at the future applications of DCs in
immunotherapy against inflammation or immunosuppression of the CNS can certainly
benefit from understanding how these cells respond in vivo. Therapies such as receptor
inhibitors can impair migration thereby reducing the contribution of these cells to the
inflammatory process. On the other hand, understanding how chemoattraction and protein
synthesis in dendritic cells facilitate transmigration can help one develop strategies to create
a sufficiently suitable environment for their migration towards areas of immunosupression.
To meet this goal, taking advantage of both established as well as novel molecular imaging
techniques is essential. The ultimate aim is to be able to manipulate these cells in the context
of the body's natural ability to defend itself against CNS disease and use them to launch a
controlled yet potent immune response.
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Abbreviations

APC antigen presenting cell

DC dendritic cell

CNS central nervous system

CLN cervical lymph node

CSF cerebrospinal fluid

BBB blood-brain barrier

ECM extracellular matrix

EAE experimental autoimmune encephalomyelitis

FION ferrimagnetic iron oxide nanocubes

HEV high endothelial venule

HIVE HIVencephalopathy

HSV-1 herpes simplex virus-1

ICAM intracellular cell adhesion molecule

IFN-γ interferon-γ
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IL-1β interleukin-1β

JAM junctional adhesion molecule

LCMV lymphocytic choriomeningitis virus

LFA lymphocyte function-associated antigen

MCP monocyte chemotactic protein

MIP macrophage inflammatory protein

MVEC microvascular endothelial cell

MS multiple sclerosis

MRI magnetic resonance imaging

NIR near infrared

PECAM platelet endothelial cell adhesion molecule

PET positron emission tomography

PFC perfluorocarbons

PSGL P-selectin glycoprotein ligand

RANTES regulated upon activation, normal T-cell expressed and secreted

SCI spinal cord injury

SDF-1 stromal-derived factor-1

SGPG sulfoglucuronosyl paragloboside

SPECT single photon emission computed tomography

TJ tight junction

TNF-α tumor necrosis factor-α

VCAM vascular cell adhesion molecule

VLA very late antigen

ZO zona occludens
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Fig. 1.
Sagittal section of the human brain revealing midsagittal arterial vasculature. The anterior
cerebral artery and middle cerebral arteries (not shown) arise from the internal carotid artery
and curve around and above the corpus callosum. The basilar artery (not shown) joins the
internal carotids in an arterial ring at the base of the brain called the circle of Willis. The
posterior cerebral arteries arise at this confluence. The pia mater is the blood-supply
covering of the brain. The pia dips down into the sulci, and send prolongations along with
these arteries into the brain (perivascular sheaths). The arteries differentiate into finer
capillaries as they occupy deeper subcortical and medullary structures

Sagar et al. Page 29

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Dynamic interaction between the immune system and the blood–brain barrier (BBB).
Lymphocytes are able to migrate to the central nervous system through the processes of
tethering, rolling, adhesion, and transmigration through the BBB during neuroinflammation.
Dendritic cells (DCs) are believed to undergo the same process but the mechanism by which
the transmigration happens remains to be investigated. The circumference of the capillary
lumen is completely surrounded by a single endothelial cell. Pericytes are attached to the
abluminal surface of the endothelial cell, and these two cell types are surrounded by the
basal lamina, which is contiguous with the plasma membranes of astrocyte end-feet and
endothelial cells. Neurons also populate the area surrounding the unit. In diseases like
multiple sclerosis, there is an infiltration of myelin specific T cells from systemic circulation
into the CNS resulting in demyelination and increase in proinflammatory cytokines IFN-γ,
TNF-α and interleukin-17 (IL-17). The components of the neurovasculature are stimulated
by these cytokines and may secrete their own chemokines such as MCP-1, MIP-1,
RANTES, SDF-1, CCL19, CCL20, CCL21. DCs bearing receptors for these chemokines
become attracted at the vasculature and will follow the same multistep cascade as the T cells
in order to transmigrate to sites of lesion. Once in the parenchymal and perivascular spaces,
they may be involved in uptake and presentation of myelin peptides to T cells, that secrete
more proinflammatory cytokines, thereby augmenting inflammation
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Fig. 3.
Postulated chemokine dependent regulation of lectin and integrin receptor/ligand expression
on immature Dendritic Cells and subsequent binding to brain endothelium. Chemokines
CCL2-6 secreted from neurovascular unit of the blood brain barrier activate their respective
G protein coupled receptors-CCR1-5/20 that can potentially be involved in increased
transcription of genes encoding for lectins and integrins that can potentiate the adhesion and
transmigration process. The molecules that participate in DC adhesion to endothelial cells
are integrins (LFA-1 and VLA-4/5) and lectins (DC-SIGN). DCs interact with intercellular
adhesion molecules ICAM-2 and ICAM-3, vascular cell adhesion molecule VCAM-1 and P/
E-selectins present in the surface of endothelial cells, allowing and strengthening DC
adhesion
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Fig. 4.
Lymphocytes and activated leukocytes can be tracked and imaged non-invasively using
NIRF imaging in mouse models of brain tumors. Three antibodies (anti-cannabinoid
receptor 2, anti-CD20 and IgG2a isotype control) were labeled with LiCOR IRDye800-NHS
and purified using Sephadex G-25 desalting resin. Female C57bl6 bearing intracranial 3LL
Lewis Lung carcinoma cells (day 6 post-implantation) were then injected intra-peritoneally
with 10 mg of optically-labeled antibody as indicated in PBS. At 72 h post-antibody
injection, each mouse was then imaged using a LiCOR Pearl Impulse imager exciting at 745
nm and detecting at 800 nm. Images show accumulation of anti-CB2 Ab at the site of the
3LL brain tumor (tumor in red arrow in bottom left white-light photo) showing the presence
of activated macrophages and microglia in the vicinity of the tumor. Similarly, strong
accumulation of anti-CD20 Ab indicates the presence of numerous B lymphocytes present in
or around the tumor. Negative isotype control antibody presence within the tumor (but
present in spleen, data not shown) indicates specific binding by anti-CB2 and anti-CD20
antibodies
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Table 1

Chemokines, receptors, and their implications in CNS disease

Chemokine Receptor Source (NVU) CNS disease implications

Immature DCs

MCP-1 (CCL2) CCR2, CCR4 Astrocytes (Conant et al.
1998); MVECs (Chui and
Dorovini-Zis 2010); Microglia
(Zhou et al. 2008)

MS (Dos Santos et al. 2008); NeuroAIDS (Eugenin et al.
2006); Brain injury (Glabinski et al. 1996); Alzheimer's disease
(Jaeger et al. 2009); Parkinson's (Reale et al. 2009); Bacterial
meningitis (Pashenkov et al. 2002); LCMV (Zhou et al. 2008);
HSV-1 encephalitis (Vilela et al. 2009)

MIP-1α (CCL3) CCR1, CCR5 Astrocytes (Ambrosini et al.
2005); Neurons (Xia et al.
1998)

Viral infection (Ireland and Reiss 2006); MS (Simpson et al.
1998); HSV-1 encephalitis (Vilela et al. 2009); Alzheimer's
(Smits et al. 2002); Ischemic stroke (Kim et al. 1995); Bacterial
meningitis (Diab et al. 1999)

RANTES (CCL5) CCR1, CCR3, CCR5 Astrocytes (Ambrosini et al.
2005); Neurons (Ovanesov et
al. 2008); MVECs (Shukaliak
and Dorovini-Zis 2000)

Viral infection (Chen et al. 2011); MS (Boven et al. 2000); SCI
(Lin et al. 2011); NeuroAIDS (Vago et al. 2001); HSV-1
encephalitis (Vilela et al. 2009); Alzheimer's (Tripathy et al.
2010)

MIP-1β (CCL4) CCR5 Astrocytes (Ambrosini et al.
2005); MVECs (Shukaliak and
Dorovini-Zis 2000)

Viral infection (Ireland and Reiss 2006); Alzheimer's (Smits et
al. 2002); Axonal injury (Babcock et al. 2003); MS (Boven et
al. 2000); Ischemic stroke (Gourmala et al. 1999); Alzheimer's
disease (Xia et al. 1998)

MIP-3α (CCL20) CCR6 Astrocytes (Ambrosini et al.
2003)

MS (Ambrosini et al. 2003); Ischemic stroke (Terao et al.
2009); Bacterial infection (McKimmie and Graham 2010)

SDF-1 (CXCL12) CXCR4, CXCR7 Astrocytes (Ambrosini et al.
2005); Pericytes (Seo et al.
2009); MVECs (Liu and
Dorovini-Zis 2009)

Ischemic stroke (Hill et al. 2004); MS (Cruz-Orengo et al.
2011); Lymphoma (Venetz et al. 2010); Bacterial meningitis
(Pashenkov et al. 2002); Brain tumor (Li and Ransohoff 2009)

Mature DCs

MIP-3β (CCL19) CCR7, CXCR3 Astrocytes (Columba-Cabezas
et al. 2003)

MS (Alt et al. 2002; Krumbholz et al. 2007)

6Ckine (CCL21) CCR7, CXCR3 Neurons (Biber et al. 2001);
MVECs (Columba-Cabezas et
al. 2003)

MS (Alt et al. 2002); Ischemic stroke (Biber et al. 2001)
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Table 2

Ligands and receptors involved in dendritic cell-endothelial interaction during tethering, rolling and
transmigration

Ligands/receptors References

Dendritic cell Endothelium

Tethering/rolling (lectins) PSGL-1 P/E selectin (Figdor 2003; Geijtenbeek et al. 2000a; Hess et al. 1996;
Kanda et al. 1995; Kieffer et al. 2001; Pendl et al. 2002)

L-selectin SGPG

DC-SIGN ICAM-2/3

Adhesion (integrins) β1: VLA-4 (CD49d),
VLA-5 (CD49e)

VCAM-1 (Arjmandi et al. 2009; Brown et al. 1997; D'Amico et al.
1998; Jain et al. 2010; Yusuf-Makagiansar et al. 2002)

β2: CD11a, CD11b
(Mac-1), CD11c,
LFA-1

ICAM-1

Transmigration (CAMs and
TJs)

CD18 (β2 integrin
subunit), JAM-A,
L1CAM, ZO-1,
L1CAM, claudins

ICAM-1, PECAM,
JAM-A, L1CAM,
ZO-1, claudins

(Cera et al. 2004; Muller and Randolph 1999; Ogasawara et
al. 2009; Wojcikiewicz et al. 2009)
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