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The first line of innate immune defense in
the CNS is mediated by the resident macro-
phages, that is, microglia. Microglia are the
most abundant of all CNS macrophages,
which also include meningeal macrophages
and macrophages of the choroid plexus and
circumventricular organs (Perry and Teel-
ing, 2013). CNS macrophages are activated
by primitive ligand–receptor interactions,
which initiate a complex downstream cas-
cade of cellular signaling. Macrophages are
activated in response to brain or spinal cord
injury and are necessary for restoring ho-
meostasis to the CNS. In addition to their
reparative functions, CNS macrophages
secrete a combination of proinflammat-
ory cytokines and neurotoxins, including
TNF-�, IL-1�, reactive oxygen species, ni-
tric oxide, and glutamate (Stirling et al.,
2014). These accumulating proinflamma-
tory cytokines and neurotoxins mount an
escalating neuroinflammatory reaction,
which, if maintained, results in neuronal
loss and neurodegeneration, a hallmark of
many CNS pathologies.

Pattern recognition receptors (PRRs)
expressed on the surface of microglia and
macrophages bind to ligands expressed on

bacteria, fungi, and viruses. These ligands
are referred to as pathogen-associated mo-
lecular patterns (PAMPs). In addition to
binding PAMPs, PRRs identify and bind in-
tracellular host molecules that are released
from dead and dying tissues after injury or
trauma. These host-associated endogenous
molecules known as damage-associated
molecular patterns (DAMPs) are some-
times collectively referred to as “alarmins”
(Bianchi, 2007). Alarmins include mole-
cules like high-mobility group box 1
(HMGB1) proteins, heat-shock proteins,
S100 proteins, IL-1�, uric acid, and
hepatoma-derived growth factor.

Toll-like receptors (TLRs) and C-type
lectin receptors (CLRs) are two of many
PRR subtypes that bind specific molec-
ular moieties and trigger macrophage-
mediated immune activation in the CNS.
While TLR2 recognizes bacterial, fungal,
and viral PAMPs as well as some DAMPs,
dectin-1 has higher specificity for �-
glucans and carbohydrates found on yeast
cell walls. In addition, molecular se-
quences on Mycobacteria cell walls and
some host DAMPs also serve as ligands for
dectin-1 (Brown, 2006; Kigerl et al.,
2009).

A recent study by Gensel, Wang, and col-
leagues (2015) published in The Journal of
Neuroscience demonstrates how selective
TLR2 or dectin-1 activation modulates the
overall functionality of CNS macrophages.
Zymosan (an agonist for both TLR2 and
dectin-1), PAM2CSK4 (a selective agonist

of TLR2), and TLR2-depleted zymosan (se-
lective for dectin-1) produced varied de-
grees of CNS injury when microinjected
into intact rat spinal cord. Compared with
the increased axonal loss and demyelination
resulting from dectin-1 selective activation,
activation of TLR2 alone produced minimal
effect. Notably, pathology and axonal loss
were limited when both TLR2 and dectin-1
were activated (via zymosan), suggesting
that coactivation of these receptor subtypes
reduced the more damaging effects caused
by activation of dectin-1 alone (via TLR2
depleted zymosan) (Gensel, Wang et al.,
2015, their Fig. 1). Confocal microscopic ex-
amination of markers for axonal injury
(neurofilaments and �-APP) confirmed
that axonal injury occurred with dectin-1
alone or dectin-1 plus TLR2 activation, but
not with TLR2 alone. In addition, frag-
mented dystrophic axons were found in tis-
sues activated via dectin-1 alone, whereas
TLR2-only activated tissues showed largely
unfragmented axon trajectories, even in
macrophage-occupied areas (Gensel, Wang
et al., 2015, their Fig. 2). These data provide
persuasive evidence that macrophages acti-
vated by TLR2 are neuroprotective.

Next, Gensel, Wang et al. (2015) used
an in vitro assay with bone-marrow-
derived macrophages to demonstrate that
macrophages activated by TLR2-specific
agonists secrete neuroprotective factors.
Dorsal root ganglion (DRG) neurons iso-
lated from WT C57BL/6 mice were cul-
tured in macrophage-conditioned media
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(MCM) from macrophages stimulated
with zymosan, TLR2-depleted zymosan,
or PAM2CSK4. MCM from PAM2CSK4
(TLR2 selective)-treated macrophages
nurtured DRG neurons and promoted ax-
onal growth. In contrast, MCM from
zymosan or TLR2-depleted zymosan-
treated macrophages caused significant
axonal loss and death of DRG neurons
(Gensel, Wang et al., 2015, their Fig. 3).

Spinal cord injury (SCI) triggers activa-
tion of microglia and macrophages that re-
sults in the cells’ recruitment to injury sites.
Despite a remarkable capacity to repair in-
jured tissue, activated CNS macrophages
can also damage host tissues. Macrophages
appear to mediate axonal dieback if axons
are severed and fail to regenerate (Stirling et
al., 2014). The pathways by which macro-
phages mediate axonal injury and demyeli-
nation are only partially understood. To
help elucidate possible pathways, Gensel,
Wang et al. (2015) tested whether the axonal
dieback that follows spinal cord injury could
be blocked by selective manipulation of
macrophage activity in rats. Two days after
SCI, zymosan, TLR2-depleted zymosan, or
PAM2CSK4 was injected, and dorsal sen-
sory axons were labeled with fluorescent-
labeled dextran. Consistent with previous
findings, TLR2 selective activation resulted
in significantly reduced axon dieback com-
pared with vehicle injection alone (Gensel,
Wang et al., 2015, their Fig. 4). OX42 (a
monoclonal antibody against CD11b on
macrophages) staining was increased in the
lesion site (despite reduced lesion size), sug-
gesting that the attenuation of axonal die-
back resulted from enhanced macrophage
activity mediated by TLR2 selective activa-
tion (Gensel, Wang et al., 2015, their Fig. 5).
Furthermore, vimentin, an intermediate fil-
ament protein, was significantly increased
in tissues injected with TLR2 agonist
(PAM2CSK4), and it colocalized with NG2
glial cells. This is notable because previous
studies have shown that glial progenitor
cells expressing vimentin impair
macrophage-mediated axon dieback by
providing an axon-stabilizing microenvi-
ronment (Busch et al., 2010). Finally, axon
dieback in the corticospinal tract was
significantly reduced after SCI in dectin-1
knock-out mice compared with wild-type
littermates, even though macrophage acti-
vation and lesion size were similar in knock-
out and controls.

The study by Gensel, Wang et al. (2015)
is consistent with earlier findings that sug-
gest TLR2-mediated signaling confers pro-
tection during injury or trauma. However,
important questions remain to be ad-
dressed. While Gensel, Wang et al. (2015)

demonstrate the neuroprotective properties
of TLR2 signaling, additional functional
benefits that may co-occur with reduced ax-
onal damage from dectin-1 blockade are left
unexplored. Comparing cytokine profiles of
macrophages treated with PAM2CSK4 or
depleted zymosan may provide useful data.
Measuring levels of TNF-� and IL-1�, pro-
inflammatory cytokines implicated in CNS
pathologies may be particularly informa-
tive. Do the beneficial axon regenerating as-
pects of TLR2 signaling correspond to
reduced TNF-� or IL1-� secretion? In addi-
tion, examining the levels of chondroitin
sulfate proteoglycans and glutamate might
prove informative, because neurotoxic ef-
fects resulting from upregulation of these
molecules were found in SCI and trauma
(Fitch and Silver, 1997; Liu et al., 1999).

A compromised blood–brain barrier
(BBB) has been reported in SCI and trauma.
This allows peripheral immune cells to enter
the brain, but also provides access to patho-
gens such as Candida. The primary function
of dectin-1 is to initiate an immune re-
sponse against these pathogens. However,
dectin-1-mediated activation of macro-
phages further increases inflammation,
which may make the BBB more permeable
and allow further invasion by yeast, furt-
her amplifying inflammation. Although
dectin-1 is an essential PRR subtype of the
CNS, its antifungal role could be double-
edged, with both risks and benefits to the
CNS. Cytokines can enhance BBB permea-
bility and alter the immune cell trafficking
ability of BBB (Banks et al., 1995; Yang et al.,
1999). The findings of Gensel, Wang et al.
(2015) demonstrate the intrinsic role that
dectin-1 activation may play in exacerbating
this cytokine-mediated damage arising with
a compromised BBB in SCI and trauma.
However, a measure of the proinflamma-
tory cytokines secreted in response to
dectin-1 activation would further stre-
ngthen their findings.

The pathophysiology of Alzheimer’s
disease (AD) is characterized by severe
CNS inflammation accompanied by el-
evated levels of cytokines such as
TNF-�, IL-�, IL-6, and IFN-� (Rubio-
Perez and Morillas-Ruiz, 2012). Studies
have suggested that the BBB is compro-
mised in AD brains, and two recent
studies showed the presence of Candida
spp in brains from patients with Alzhei-
mer’s disease (Sharma et al., 2012; Pisa
et al., 2015a,b). As discussed above, ac-
tivation of dectin-1 could lead to esca-
lating inflammation in this condition.
Gensel, Wang, and colleagues’ (2015)
work elucidating TLR2 and dectin-1-
mediated effector functions of CNS

macrophages may therefore help ex-
plain some of the underlying causes of
AD progression.

CNS complications stemming from
the deleterious effects of dectin-1 selec-
tive activation addresses longstanding
questions concerning CNS pathology in
SCI. Gensel, Wang et al. (2015) have
provided valuable data that can be ap-
plied to CNS pathologies arising from
injury, infection, and degenerative dis-
ease. Their findings prompt a key ques-
tion: can activation of TLRs and CLRs
from a minor injury or trauma to the
spinal cord or brain result in BBB break-
down, allowing pathogens, toxins, and
cytokines to gain access to CNS and start
a cascade that compounds pathology
from the initial CNS insult?
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