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1. ABSTRACT

Far from being an immune-inert site, the cells of
the CNS, including microglia, astrocytes and neurons,
express an abundance of innate immune receptors,
including toll like receptors (TLR), which recognize
conserved structural motifs in pathogens. These TLRs have
been implicated in both infectious and non-infectious CNS
pathology and appear to play important roles in both tissue
surveying and repair. Therapeutics that modulate their
activity are being explored for the treatment of infectious
and inflammatory diseases, cancer and neurodegenerative
processes.
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2. THE CNS, A UNIQUE IMMUNOLOGICAL
ENCLAVE

Extensive literature has shown that immune cells
contain the receptors, peptides, neurotransmitters and
signaling pathways required to respond to neural factors.
These factors are generally associated with the cells in the
CNS. In turn, despite their mostly non-immune cell
functions the CNS cells (neurons, astrocytes,
oligodendrocytes and microglia) are equipped with pattern
recognition receptors (PRR) that are usually associated with
the innate immune system and can initiate immune
responses to pathogens (1-3).
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Neurons transmit informatic signals via the
propagation of action potentials and transynaptic release of
neurotransmitters (4). Astrocytes support critical metabolic
functions of neurons by storing and catabolizing glycogen
as well as glutamate, and by regulating ion homeostasis (5).
Oligodendrocytes are critical nodal cells that synthesize the
myelin (white matter) sheath that insulates axons in the
CNS (6). Only microglia, which are the closest cells the
CNS has to classical bone-marrow-derived immune cells
seen in the periphery, have immune surveillance of the
local microenvironment and maintenance of neuronal
homeostasis as a primary function (7).

Pattern recognition receptors are expressed
predominantly by astrocytes and microglia, but have been
identified in neurons as well, and are upregulated under
conditions of stress or injury. These receptors identify a
broad spectrum of evolutionarily conserved lipids,
glycolipid, lipopeptide, protein and oligonucleotide motifs
and function cooperatively to initiate and tailor
inflammatory, innate and adaptive immune responses to
infectious agents. Moreover, these receptors, and others
more recently recognized such as the danger associated
molecular pattern (DAMPs) receptors, appear to be key to
the responses to brain injury, ischemia, autoimmune and
neurodegenerative processes (8-10).

This review will discuss the emerging evidence
that Toll like receptors (TLR) - and other less-well
characterized innate immune receptors - play a key role in
responding to infectious agents, maintaining homeostasis in
the CNS and modulating the neurodegenerative response to
injury leading to the hypothesis that TLRs could be
effective therapeutic targets to treat a variety of CNS
inflammatory and infectious processes.

3. INNATE IMMUNE RECEPTORS: PAMPS AND
DAMPS

Innate immune receptors include several families
of evolutionarily conserved molecules that directly detect
highly conserved pathogen-associated molecular patterns
(PAMPs) upon microbial invasion or tissue damage and
initiate a biological response. PRRs include both
membrane-bound and intracellular proteins. They include
Toll-like receptors [TLRs], Nod-like receptors [NLRs],
RIG-1 like helicases [RLHs], scavenger receptors and
soluble molecules like collectins, mannose binding lectin
(MBL) and members of the pentraxin (PTX) family (e.g.,
CRP and PTX3). They are expressed mainly by cells
involved in immune reactions such as dendritic cells,
macrophages, granulocytes, T cells, B cells, natural killer
[NK] cells, and mast cells, as well as by endothelial and
epithelial cells, and are mostly involved in recognition and
response to microbial compounds, although some
endogenous targets have been identified (9).

In contrast, DAMP receptors comprise a
heterogeneous group that respond to endogenous danger
signals such as high mobility group box 1 protein (HMGB-
1), heat-shock proteins (HSPs), uric acid, altered matrix
proteins, and S100 proteins, and mediate inflammatory
responses through the receptor for advanced glycation end-

477

products (RAGE) (8, 11, 12). A wealth of data suggests
that these receptors and their signaling are highly
integrated. For example, TLRs and NLRs cooperate to
induce pro-IL-1-beta and IL-18 production and prime
Caspase I in response to bacterial products and products of
damaged cells (13). Of the innate immune receptors, the
TLR family are the best characterized to date.

4. TOLL-LIKE RECEPTORS

TLRs were first discovered in drosophila by the
resistance they lent against fungal infections (14). In
mammals, TLRs are expressed either on the cell surface
(TLR1, 2, 4, 5, 6 and 11) or in intracellular compartments
like endosomes (TLR3, 7, 8 and 9) (15). TLR2 recognize
peptidoglycan, triacyl lipopeptides lipoteichoic acids and
other bacterial cell wall components, often by forming
heterodimers with TLR1 and TLR6, as well as zymosan in
fungi (together with Dectin 1) and endogenous proteins
HMGBI1 and HSP70. TLRS binds flagellin and TLR4
responds to lipopolysaccharide in gram negative bacteria as
well as a host of other endogenous and exogenous ligands
(taxol, peptidoglycan, heat shock protein 60 & 70, beta-
defensins, etc.). TLR11 recognizes profilin-like molecules
derived from protozoa, and perhaps PAMPs from
uropathogenic E. coli. In addition, TLR3, 7, 8, and 9
usually reside inside the cell and are activated by nucleic
acids. TLR3 responds to double stranded RNA, TLR7 and
TLRS to single stranded RNA and TLR9 to DNA rich in
non-methylated cytosine-guanosine (CpG) motifs. Lastly,
there remain some orphan family members, including
TLR10 with no known ligands or function as of yet (16).
The full spectra of ligands can be found in a recent review

(17).

TLRs share a basic structure with an N-terminal
ectodomain composed of leucine-rich repeats (LRRs) and
cytoplasmic Toll-IL-1 receptor (TIR) domain that recruits
adaptor molecules to initiate downstream signaling (18).
Their signaling is extremely complex and has been
reviewed extensively elsewhere (9). Briefly, recruitment of
adapters (the most prominent being MyD88) leads to the
formation of a complex with interleukin-1-receptor (IL-
1R)-associated kinase-4 (IRAK-4), IRAK-1, tumor necrosis
factor-receptor associated factor 6 (TRAF6). These
ultimately trigger NF-xB, p38, and ERK activation and
increased transcription of proinflammatory cytokines such
as TNF-alpha IL-6 and IL-12, or otherwise the activation of
IRF7, which results in the upregulation of type I interferons
(IFN) (9, 19, 20). Together they initiate a localized
inflammatory response and function as a first-line defense
against pathogen invasion (21, 22). In the periphery TLRs
are located on antigen presenting cells such as B cells,
dendritic cells, and monocytes/macrophages. In the CNS,
these receptors are strategically expressed at or near the
blood brain barrier, around the ventricles and choroidal
plexus, which lack effective blood brain barrier and are
therefore more exposed to pathogens. They are also
expressed in cells of the brain parenchyma including
microglia, astrocytes, oligodendrocytes, and neurons
(23-26).
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5. TLRS IN THE CNS

The brain had been classically viewed as an
immune privileged organ due to the absence of circulating
lymphocytes. This was mostly due to the properties of the
blood brain barrier (BBB) that impedes the passage of large
molecules from the periphery into the brain and limits the
circulation of immune cells. During the past decade, several
studies have demonstrated that microglia and astrocytes are
the resident immune cells of the brain capable of
orchestrating a full response to pathogens (27, 28).
Expression of TLR1-10 was shown in microglia, whereas
astrocytes robustly express TLR3 levels, but low-levels of
TLRI1, 4, 5, and 9, and rare-to-undetectable TLR2, 6, 7, 8,
and 10 mRNA (29, 30). Oligodendrocytes also express a
limited set of functional TLRs (TLR2 and 3) (31). The
expression of TLR in neurons appears to be similarly
restricted as only TLR3, TLR4 and TLR8& have been
reported (32, 33). Of interest, new thought-provoking
studies assessing the expression and function of TLR3 and
8 in the neuronal growth cones suggest that TLRs could
play a developmental role in controlling neurite growth and
maturation in the CNS (25, 32, 34).

Upon trauma or infection, glia and astrocytes
function in an autocrine and paracrine manner rapidly
upregulating TLR and other innate immune receptors (IIR)
and producing the pro-inflammatory cytokines and
chemokines responsible for local inflammation and
eventually cellular infiltration (35, 36).  As mentioned
above, the effects of TLR agonists in CNS appear to be
dual: On one hand, administration of TLR agonists induces
localized production of inducible nitric oxide synthase
(iNOS), numerous cytokines (IL-6, IFN-gamma, TGF-beta,
GM-CSF, BAFF, IL-l1-beta and TNF-alpha) and
chemokines (CCL2, CCL5, CCL20, CXCL10, CXCLI1,
CXC1 and CX3CL1). These in turn lead to reduced
glutamate uptake, increased connexin 43 expression and
function, increased BBB permeability, activation of
neighboring endothelial cells, glia and astrocytes, and
recruitment of peripheral monocytes and macrophages (36-
38). On the other, these responses may be tempered by
increased production of neurotropic and neuroprotective
factors such as nerve growth factor (NGF), brain derived
growth factor (BDGF), leukocyte migration inhibitory
factor (LIF), and vascular endothelial growth factor
(VGEF), which reduce astrocytosis and improve neuronal
survival (33, 39, 40). The balance may be aided by an
apparent compartmentalization of the response that
prevents widespread inflammation in response to a
localized trigger, and the route of administration appears to
be determinant as to the overall effect. For example, while
systemic administration of TLR ligands can induce a mild
proinflammatory milieu (41), direct inoculation in the CNS
of CpG ODN (TLRY ligand) or LPS (TLR4 ligand), results
in acute encephalitis, astrocytosis, and can result in death
(36, 42, 43). Of note, in newborn mice, administration of
TLRY ligands intranasally results in the immediate
upregulation of proinflammatory cytokines such as IL-1,
TNF-alpha and IFN-gamma in the olfactory bulb which
lacks a functional blood brain barrier (Pedras-Vasconcelos,
Tonelli and Verthelyi, unpublished) but no overt in vivo
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effects were observed. Lastly, CNS TLRs can be triggered
by endogenous ligands. Several reports suggest that
patients with Alzheimer’s disease and Parkinson’s disease
may have elevated levels of endogenous TLR ligands, such
as HMGB1 compromising the balance between
neuroinflammation and neuroprotection(40).

6. THERAPEUTIC APPLICATIONS FOR TLR
AGONISTS IN CNS

To date, TLR7 agonist Imiquimod is licensed as a
topical treatment of anogenital warts, actinic keratosis and
superficial basal cell carcinoma. Several other agonists and
antagonists of TLR4, 7, 8 and 9 are being actively pursued
as vaccine adjuvants and for the treatment of infections,
autoimmune diseases, allergies and cancers (44, 45).
Specifically in CNS, there are data indicating that TLR
could be targeted in the management of acute and chronic
neurological diseases (3, 10, 40, 46).

6.1. Immunoprotection

Modulators of the innate immune response
provide an attractive approach to limiting the spread and
pathogenicity of neurotropic infections. The ability of TLR
agonists, CpG ODN in particular, to activate the innate
immune system and improve its response to a wide variety
of pathogens has been amply demonstrated in rodent
models and the general mechanism by which the response
is improved has been largely elucidated (21, 47). The
immunoprotective potential of CpG ODN has been
demonstrated by our group in primates as rhesus macaques
challenged with L. major had significantly reduced lesions,
accelerated healing, and lowered parasite loads when
treated with CpG ODN (48, 49). Further, the protective
effect extended to immunocompromised macaques
suggesting that the effect did not require an intact adaptive
immune system (50). Interestingly, those studies also
showed that unlike mice, in primates the response to CpG
ODN is sequence, backbone, and structure dependant as
primates treated with CpG ODN type D, but not type K,
had improved outcome (49, 51, 52).

Several lines of evidence suggest that TLRs play
a key role both in the pathology and the immune response
to neurotropic pathogens (53-55). CNS infection
upregulates the expression of TLR in microglia, and
astrocytes as well as increases the permeability of the BBB
allowing for infiltrating leukocytes (56-58). As a result,
there is a net increase in TLR expression in CNS. Their
protective role is underscored by studies in knock-out (KO)
mice. For example, absence of TLR2 or 4 increased the
susceptibility to infection and accelerated death in mice
challenged intra-cerebrally with Streptococcus pneumoniae
(59). Likewise prion disease progression is accelerated in
mice lacking TLR4 (60), mice lacking MyD88 have higher
susceptibility to Herpes Simplex virus (HSV)-1 (61), and
IRF7" mice have a blunted IFN response to West Nile
virus (62).

In contrast, in other models, TLRs appear to play
important roles in disease pathogenesis: for example,
TLR3-mediated induction of TNF-alpha and IFN-beta
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Figure 1. Survival of TCRV-infected mice untreated or treated with CpG ODN. One to 3 day old mice [(A)WT, (B) TLR9 KO,
(C) iNOS KO (D) B cell KO (E) IL-4 KO and (F) IL-10 KO] were challenged i.p. with 2000 TCIDs, of TCRV and treated with
CpG ODN (50pg/mouse, i.p.)((68) and Pedras-Vasconcelos and Verthelyi, unpublished).

enhances West Nile and rabies virus access to the CNS
respectively (63, 64). In models of cerebral malaria, the
role of TLRs is controversial as Coban et al. showed that
mice lacking TLR2, TLR9 and MyD88 had reduced CNS
infiltration of CD8", CCRS" T cells and of CDIllc"
dendritic cells, including the CD11c¢", NKI1.1" and B220"
subsets. In addition they also observed the up-regulation of
genes such as Granzyme B, Lipocalin 2, CCL3 and CCRS,
and proposed that the absence of these receptors resulted in
improved survival. Other groups, however, could not
confirm a deleterious role for TLR2 or TLR9 (65-67).
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In other models, the absence of TLR9 did not
modify the clinical progression. For example, in a model of
arenavirus encephalitis, mice lacking TLRY developed
signs of encephalitis and died with similar kinetics as their
wild type (WT) counterparts ((68) and Figure 1). Our
laboratory used this arenavirus model to explore the role of
TLR in inducing CNS proinflammatory cytokines to
control viral replication in non-lytic viral encephalitis.
Neonatal mice challenged with Tacaribe Arenavirus (a
model for encephalitic South American Arenaviruses,
which are Class 1A pathogens) develop a lethal
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meningoencephalitis characterized by high IFN-gamma and
TNF-alpha levels and mild T cell infiltration (68, 69). Despite
being present in low levels, T cells play an important role in
pathogenesis as several studies show increased survival in
challenged mice that lacked T cells (70-72). In this model,
systemic administration of immunostimulatory CpG ODN at
the time of infection accelerated antibody production to the
virus, and reduced inflammation and T cell infiltration as
evidenced by reduced levels of IFN-gamma, TNF-alpha and
chemokines CCL5/RANTES and CXCL10/IP10 in the CNS,
resulting in improved survival (30-50%) (68). In contrast,
administration of TLR7/8 stimulating R848/Resiquimod failed
to protect the mice. CpG ODN improved survival was
dependent of the local expression of TLRY, iNOS, IL-4 and
IL-10 and on the presence of mature B cells, ((68) and Figure
1). Importantly, controlling the local inflammatory response to
the virus and the oligonucleotides by treating mice
systemically with a mAb to TNFa resulted in 100% survival
and complete viral clearance avoiding a chronic inflammatory
insult and possible neurodegenerative sequelae (69). These
studies underscore the need to that effective therapy for CNS
infections may require activating the innate immune system to
eliminate the infection while curtailing the inflammatory
response they trigger to protect the parenchyma.

The optimal TLR agonist for individual
neurotropic viruses may vary. A recent study suggests that
mice challenged with HSV-2 had improved survival and
reduced local inflammation when treated with Poly I:C but
not LPS or CpG ODN (73). It is interesting to note that in
both viral models intranasal administration of TLR agonists
resulted in effective protection. Studies performed by our
group in collaboration with Dr Tonelli indicate that
intranasal administration of TLR agonists may results in a
marked increase in cytokine expression in the olfactory
bulb, the consequences of which are still unknown.

Despite their differences, these models suggest
that targeting TLR receptors may be an effective
therapeutic strategy, however there remain serious limiting
factors in translating these findings to effective therapies
for humans. The first involves the development of delivery
systems that allow for effective doses of TLR agonists to
reach the CNS without causing systemic toxicities. The
second relates to the differential cellular distribution and
specificity of TLR in humans versus rodents which requires
the development of more appropriate animal models (74,
75). A third, is the short-lived effects of TLR agonists, as
both Poly I:C and CpG-ODN up-regulate mRNA within
minutes, leading to a short-term increase in IFN and
cytokine secretion. While the short innate immune burst
may trigger an effective response, it restricts the therapeutic
and prophylactic value of these innate immune response
modulators (IIRMs). Indeed, this was evident in most of the
infectious models investigated, as improved survival was
evident only when treatment occurred before or shortly
after infection. In fact, even when the CpG ODN were
modified to have a prolonged half life, the therapeutic
window was brief (47, 76). Lastly, recent studies by
Wagner et al, suggest that repeated systemic exposure to
TLR agonists result in sustained CNS activation (41) which
may prevent their extended use during an infectious
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outbreak although its long term effects are yet to be
explored.

6.2. TLRs and inflammation

Acute trauma to the CNS can result both in direct
neuronal loss due to damage to the cell body of a neuron,
and in Wallerian degeneration, where axons distal to the
injury site degenerate due to lack of neurotrophic support
(77). If damage is sufficiently severe and the resulting
inflammation fails to be downregulated, secondary
degeneration can take place (78). In this context, several
reports indicate that TLR2 and 4 are upregulated in neurons
under conditions of stress and mice lacking these receptors
had reduced neuronal apoptosis (79, 80). However, the
induction of innate immune responses in the CNS are not
necessarily detrimental as they help to demarcate the area
of insult restricting the influx of leukocytes, limiting
astrocytosis and reducing neuronal death, and therefore
protecting or restoring the homeostasis of the surrounding
tissue(81, 82). In this context, some degree of neuro-
inflammation may benefit the repair process (83, 84).
Therefore, TLR agonists or antagonists could be targeted to
limit damage and accelerate repair.

Experimental results with an optic nerve crush
injury model in rodents suggest that injection of CpG at the
time of nerve injury results in a significant increase in
surviving retinal ganglion in the retina as well as axons
within the optic nerve up to two weeks later (85). The
effect correlates with enhanced infiltration of CD3+ T cells
within the optic nerve injury site and may partly be due to
the transient down-regulation of peripheral CD25+ CD4+ T
regulatory cells that normally keep existing autoimmune T
cells in check (84), but the full mechanism of protection is
yet to be fully understood.

Modulation of the inflammatory response that
exacerbates cerebral injury after ischemia is another
attractive therapeutic target for IIRMs. Several studies
have shown that TLR2 and TLR4-mediated production of
proinflammatory cytokines plays an important role in
amplifying the inflammation secondary to trauma as mice
lacking functional TLR2 or TLR4 have smaller infarcts
(80, 86). In  contrast, preconditioning  with
lipopolysaccharide (LPS), or CpG ODN, reduces tissue
damage and improves revascularization in the event of a
subsequent cerebral ischemic brain injury (1-14 days
following treatment) (87-89). The protection requires
iNOS and eNOS and the activation of tumor necrosis factor
receptor 1 (TNF-alpha R1) and/or type I IFNs. Studies in
rats showed that administration of [FN-beta before or after
(4 to 6 hours) stroke resulted in reduced neutrophil
infiltration and BBB stabilization (90, 91). In addition,
since microglia, astrocytes and neurons can produce type |
IFNs in response to TLR3 activation, the use of Poly I:C
analogs has been proposed treat cerebral ischemia (33).
IFNB has been brought to clinical trials as a potential
therapy to reduce the infarct volume and improve
reperfusion.

Lastly, inflammatory processes are known to play
a key role in the progression of neurodegenerative diseases
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such as Alzheimer’s disease (AD). AD is the most common
cause of dementia in elderly patients and is characterized
by a loss in synaptic plasticity and progressive cognitive
impairment. Histopathologically, it is characterized by the
accumulation of plaques and neurofibrillary tangles
containing tau protein (92). Convincing evidence is
emerging that TLR play a role in protecting or enhancing
the immune and inflammatory response to oligomerized
beta-amyloid aggregates in AD (92). Studies in beta-
amyloid precursor protein and presenilin-1 knock-in
(APP/PS1KI) mice (a widely used model of AD) show
increased expression of TLR2, 4, 7 and 9 in brain and
spinal chord of mice 6 months of age when deficits in
cognitive and motor performance become evident (93). The
increased TLR expression may result in accelerated cellular
uptake and clearance of beta-amyloid as suggested by
studies in mice lacking functional TLR4, but may make
also make neurons more susceptible to oxidative stress and
apoptosis (92, 94).

6.3. TLR agonists and cancer

Although not the focus of this review, several
TLR agonists have been explored as stand-alone cancer
therapeutics based on the concept that their cytotoxic
effects coupled with the enhanced antigen presentation may
lead to improved immune responses to tumors. CpG ODN,
Imiquimod and monophosphoril lipid A have been tested in
animal models. Intratumoral administration of lipid A
moiety of LPS to mice with highly lethal and treatment
resistant glioblastoma multiforme (GM) reduced tumor size
significantly in mice (95). The clinical improvement was
reduced in animals lacking TLR4, and appears to be
mediated by increased leukocyte infiltration (95, 96).
Testing of TLR7 ligand in models of intracranial malignant
melanoma showed that although imiquimod increased the
survival of peptide-pulsed dendritic cells and CD8" priming
leading to reduced tumor size, the increased hemorrhaging
and inflammation-induced resulted in increased mortality
underscoring the need to balance immune activation while
retaining control, of the inflammatory process (97). In a
different model, Carpentier ef a/ showed that administration
of CpG ODN prolonged survival in mice with
neuroblastomas, partly by increasing local apoptosis (98).
Further, a recent study by the same group recently showed
variable levels of TLR9 expression in leukocytes
infiltrating human gliomas suggesting that CpG ODN
administration could have clinical benefit for these patients
(99). Early results from a phase I clinical trial have not
demonstrated the desired efficacy as only 2 of 24 patients
showed minor therapeutic response highlighting once again
the differential expression of TLRs both on immune cells
and on tumor cells and the resulting limitations of the
murine models (99). The beneficial or detrimental effect of
TLR agonists may depend on the cancer type. This
complexity is illustrated by studies showing that MyD88
KO mice are more resistant to induction of certain tumors
and more susceptible to others (100, 101).

6.4. TLRs and autoimmunity

Failure to appropriately regulate self-responses
triggered by IIR can have serious pathological
consequences, as several TLRs have been linked to the
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development of autoimmune diseases (102) an area where
therapies that target TLR are being investigated (103, 104).

Multiple sclerosis (MS) is a chronic debilitating
autoimmune disease of the CNS characterized by
infiltration by activated lymphocytes and phagocytes,
proinflammatory cytokines, such as IL-17, [FN-gamma and
GM-CSF, inflammation, and increased expression of TLR
in microglia and astrocytes that lead to progressive
demyelination and axonal/neuronal injury. The dual role of
TLR is underscored by studies in experimental autoimmune
encephalitis (EAE), the corresponding animal model,
showing that while MyD88 KO mice are resistant to EAE,
TLR9 and TLR2 KO mice are more susceptible (105-109).
Moreover, individual TLR agonists, like LPS, may induce
the proinflammatory cytokines that trigger the disease or
facilitate myelin repair, depending on the model and the
stage of the disease when they are administered (110, 111).
Of note, MyD88-independent TLR3 stimulation with Poly
I:C was found to suppressed relapsing demyelination and
subsequent paralysis, in part through the induction of IFN-
beta and CCL2 (112). IFN-beta is approved for the
treatment of MS, as it decreases inflammatory lesion
formation in the CNS, prolongs remission, and lowers
relapse rate. Recent studies show that IFN-beta interferes
with the generation of Th17 inflammatory T cells through
STATI and IL-27 (113), and directly inhibits infiltrating
myeloid-derived macrophages and DCs (114). IFN-beta
may also reduce chemokine expression and myelin
phagocytosis by microglia and decrease MHC class II
upregulation (114). Direct effects of TLR3 agonists on
astrocytes, oligodendrocytes and neurons can also not be
ruled out.

7. SAFETY CONSIDERATIONS

There is now substantial clinical experience with
TLR agonists as vaccine adjuvants and in the treatment of
allergies, cancer and infectious diseases. The safety of
systemic administration of TLR agonists has been
addressed elsewhere (115-119). However, the delicate
structures of the CNS make it particularly vulnerable to the
inflammatory response generated by TLR agonist.
Potential safety concerns include: First, the generation of
unregulated non-specific inflammatory responses leading to
permanent disruption of the CNS architecture. Studies
show that systemic administration of CpG ODN resulted in
increased TNF-alpha levels and sustained type I cytokine
production in CNS (41), while in situ administration can
result in an acute increase in proinflammatory cytokines
such as IFN-alpha and the consequent development of
fever, malaise, depression and other neurological
symptoms. In a study in patients with glioblastoma,
Carpentier ef al. showed that intratumoral administration of
CpG-28 (type K ODN) in a phase I clinical studies caused
moderate adverse effects in 23 out of 24 patients mostly
consisting of fever, worsening of neurological condition,
and lymphopenia; one patient developed dose limiting
toxicity events and did not recover (120). Second, systemic
off target effects. These will be largely determined by the
product delivery and the dose required toachieve
therapeutic concentrations in CNS. Third, potential breaks
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in tolerance and subsequent development of autoimmune
disease (see above). Lastly, it is possible that the
activation of immune associated genes may lead to the loss
of normal neuronal functions, and resulting deficit may
become permanent if the inflammation is chronic, as is the
case with neuro-degenerative conditions such as
Alzheimer’s, or spongiform encephalopathies (121-123).

8. CONCLUSION

It is clear that a better understanding of the role
and regulation of inflammation in the CNS will be
necessary before we can safely utilize IIRMs to treat
infectious, neurodegenerative or inflammatory diseases.
However, emerging data suggests that the controlled
induction or suppression of innate immune processes
represents a viable therapeutic approach that should be
thoroughly investigated.
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