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In recent years, progress has beenmade in understanding the pathological, genetic, andmolecular heterogeneity of central nervous
system (CNS) tumors. However, improvements in risk classification, prognosis, and treatment have not been sufficient. Currently,
great importance has been placed to the tumor microenvironment and the immune system, which are very important components
that influence the establishment and development of tumors. Toll-like receptors (TLRs) are innate immunite system sensors of a
wide variety of molecules, such as those associated with microorganisms and danger signals. TLRs are expressed on many cells,
including immune cells and nonimmune cells such as neurons and cancer cells. In the tumor microenvironment, activation of
TLRs plays dual antitumoral (dendritic cells, cytotoxic T cells, and natural killer cells activation) and protumoral effects (tumor cell
proliferation, survival, and resistance to chemotherapy) and constitutes an area of opportunities and challenges in the development
of new therapeutic strategies. Several clinical trials have been carried out, and others are currently in process; however, the results
obtained to date have been contradictory and have not led to a definitive position about the use of TLR agonists in adjuvant therapy
during the treatment of central nervous system (CNS) tumors. In this review, we focus on recent advances in TLR agonists as
immunotherapies for treatment of CNS tumors.

1. Introduction

Central nervous system (CNS) tumors constitute a het-
erogeneous group of neoplasms that originate from many
pluripotent and differentiated cell types, whose incidence
and mortality are increasing worldwide. The GLOBOCAN
2018 database indicates that there were 296,851 new cases
and 241,037 deaths from brain cancer compared with 257,000
and 189,000, respectively, in 2012 [1]. Factors that have been
associated with increased risk of developing primary CNS
tumors include hereditary syndromes and exposure to X-
rays and gamma rays; however, in most cases, the etiology is
unknown.

Several different types of tumors, both nonmalignant and
malignant, have been identified in the CNS. The highest

incidence of primary CNS tumors in adults is from menin-
giomas and neuroepithelial tumors (glioblastoma and pitu-
itary tumors). Children and adolescents present with a higher
incidence of embryonal tumors, mainly medulloblastoma,
pilocytic astrocytoma, and ependymal tumors [1, 2].

Currently, conventional treatments, including surgi-
cal resection of tumors, craniospinal radiotherapy, and
chemotherapy, are often successful. However, some CNS
tumors are not amenable to surgical resection due to the
depth of tumor infiltration or anatomical location of it. The
side effects from treatments in patients significantly affect
their neurological and psychological function and quality of
life.

Advances have been made in understanding CNS tumor
biology, but improvements in risk classification, prognosis,
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and treatment have not been sufficient. Recently, great impor-
tance has been placed on the tumor microenvironment,
which is composed mainly of cancer cells, stromal cells, and
immune cells [3].The activation of the immune response is an
important factor in the onset, development, and metastasis
of cancer, and therfore, the immune system is a potential
therapeutic target.

2. Toll-Like Receptors

The initiation of the innate immune response begins with the
recognition of exogenous molecules from microorganisms,
called microbial-associated molecular patterns (MAMPs), as
well as the recognition of endogenous molecules considered
to be danger signals called danger-associated molecular
patterns (DAMPs). MAMPs and DAMPs are recognized by
germline-coded receptors, called pattern recognition recep-
tors (PRRs). This family of receptors consists of mannose
binding lectin (MBL), Toll-like receptors (TLRs), nucleotide-
binding oligomerization domains (NOD) receptors, dectin-
1, NOD-like receptors (NLRs), mannose receptors, and pen-
traxins, among others. Principal effector functions of PRRs
include the activation of the transcription of genes involved
in the immune response (cytokines, chemokines, growth
factors, adhesion molecules, and costimulation), opsoniza-
tion, phagocytosis, activation of the complement system,
proliferation, and cell death [4, 5].

TLRs are type I transmembrane proteins, characterized
by an extracellular domain with leucine-rich repeats (LRR)
motifs. Through this domain, TLRs recognize structures
present in certain groups of pathogens and endogenous
molecules released in situations that result fromphysiological
stress. Additionally, TLRs possess an intracellular domain,
called TIR (Toll/IL-1R) similar to the interleukin-1 receptor
(IL-1R) family, which leads to the activation of a signaling
pathway [6]. The Toll protein was identified for the first time
in Drosophila melanogaster as a fundamental receptor for
dorsoventral polarity during the early phases of embryonic
development of the fly [7]. Subsequent studies have shown
that the Toll protein has a very important function in the
immune system of the adult insect, mainly during infections
by bacteria and fungi. Currently, it is known that TLRs are
evolutionarily conserved from invertebrate organisms such as
Caenorhabditis elegans to mammals [8]. To date, 13 members
of this family have been found in mammals, including 10
in humans (TLR1 to TLR10) and one pseudogene [9]. The
expression of TLRs is not limited to the cell immune system as
they are expressed in other cell types. In the central nervous
system, TLRs are present in glial cells (microglia, astrocytes,
and oligodendrocytes), neuronal progenitors, mature neu-
rons, and cancer cells (Table 1).

TLR ligands include MAMPs, endogenous molecules,
and synthetic agonists. For example, TLR2, in conjunc-
tion with TLR1 or TLR6, recognizes a wide variety of
MAMPs and DAMPs, such as lipoproteins, peptidoglycans,
lipoteichoic acid, and zymosan. TLR3 recognizes double-
stranded RNA (dsRNA) and polyinosinic:polycytidylic acid
[poly(I:C)]. TLR4 recognizes lipopolysaccharide (LPS) and
TLR5 flagellin [10]. TLR7 recognizes single-stranded RNA

(ssRNA), microRNAs, small interfering RNAs (siRNA), and
imidazoquinoline derivatives such as imiquimod (IMQ) and
resiquimod (R848) and guanine analogs such as loxoribine.
TLR8 is phylogenetically similar to TLR7 and preferentially
recognizes bacterial RNA, ssRNA from viruses, and synthetic
agonists such as R848. Finally, TLR9 is known to recognize
cytosine-guanine motifs bound by nonmethylated phospho-
diester (CpG) bonds and synthetic CpG oligonucleotides
(ODN) and immunoglobulin-DNAcomplexes [5, 9, 10]. Acti-
vation of TLRs induces the recruitment of adapter proteins
(MyD88, TRIF, etc.) that bind the TIR domain triggering a
signaling cascade and activating transcription factors such
as nuclear factor kappa B (NF-𝜅B), activator protein-1 (AP-
1), and interferon regulatory factors (IRFs) [11, 12], which
in turn trigger transcription of genes that participate in the
immune response and cellular processes such as proliferation,
migration, and cell death [11–17].

3. TLRs and Immune Responses to Tumors

In the tumor microenvironment, TLR signaling can induce
anti- or protumor effects which depends on the cancer
subtype and the cells of the immune system that infiltrate the
tumor [18]. There is great controversy for some TLRs which
are explained by the tumor models used in the experiments.
It has been documented that stimulation of TLRs may have
antitumor effects through an intermediary immune cells
response or directly on tumor cells, which improves the
antitumor immune response and leads to apoptosis of tumor
cells [19, 20]. Apoptosis of tumor cells can be generated
by different mechanisms downstream of TLR3 activation in
different cancer cell lines, as indicated by lower survivin
expression and negative regulation of XIAP, FLIP, Bcl-xL, and
Bcl-2 have been observed [21–23] and by a large number of
cells positive for proapoptotic caspase-8 and caspase-3 [21].

The immune system has been shown to be more effi-
cient activating the response to MAMPs than recognizing
and eliminating tumor cells. Pharmacological studies have
shown that the activation of signaling pathways initiated by
TLRs through recognition of MAMPs and DAMPs, but not
tumors, induces the production of mediators such as type
I interferons (IFN), which can be used therapeutically to
modify immunotolerance and produce antitumor effects.

The antitumor immune response depends largely on the
cells presenting professional antigen-presenting cells, such
as dendritic cells (DCs) [24, 25]. DCs express all TLRs and
exert effects on T and B lymphocytes; they are the bridge
between innate and adaptive immune responses. IFNs are
necessary for an efficient immune response to tumors [26].
Therefore, activation of the TLR-IFN type I signaling pathway
is of therapeutic importance in that it eliminates DC-induce
tolerance and generates an antitumor response. Additionally,
DCs activated by TLRs can mediate antitumor responses, by
the presenting antigens, thereby initiating a T cell response,
and by inducing cytotoxicity in tumor cells [27]. It has
been documented that DCs activated by TLR7 ligands can
induce antitumor responses by cell lysis [28]. On the other
hand, the activation of TLR5 with flagellin can increase DC
antitumor activity [29]. The death of tumor cells mediated
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by DC generates a more efficient antigen presentation for
cytotoxic T lymphocytes, amplifying the antitumor response.
DCs stimulated with TLR9 also produce antitumor responses
[30].

IFN has the ability to regulate the functions of natural
killer cells (NK) and is very important for the modulation of
tumor growth. A murine model of melanoma demonstrated
that myeloid DCs can be activated via TLR3 with poly(I:C),
inducingNK cell response and regression of tumors. It is now
known that the NK-activating molecule dependens on IRF-3
to create a link between myeloid DCs and NK cells [31].

In addition, regulatoryT cells (Tregs) (CD4+CD25+FoxP3+)
have a very determinant role in the immune response, and
to induce tolerance; it is known that the TLRs of DCs
regulate the activation of Tregs through signals that block
the immunosuppression by IL-6 [32]. Also, TLR8 agonists
can inhibit the function of Tregs independently of DCs and
promote an antitumor response [33].

The poly(I:C) agonist of TLR3 can cause tumor regres-
sion, such that tumor macrophages are transformed into
tumor suppressor macrophages that produce inflammatory
cytokines (M1 macrophages). This change is mediated by
TNF-𝛼 through an independent pathway ofMyD88 [34]. Fur-
thermore, TLR9 agonists can also exert antitumor effects by
suppressing angiogenesis [35]. TLR-induced interferon has
an important role, because it reduces tumor growth blocking
angiogenesis and metastasis [36, 37]. However, tumor cells
may also activate TLRs and, coupled with a specific type of
tumor, can cause death, survival, or proliferation of tumor
cells, including resistance to chemotherapy [18].

4. Immunotherapy Targeted to
the Activation of TLRs

TLR agonists have been considered therapeutic targets for
treating different cancers [38]. Many synthetic ligands are
being investigated for use in immunotherapy. ODNs are the
most commonly used TLR agonists in therapy; they are
potent activators of both innate and adaptive immununity
and thus are capable of inducing cytokine production and
activating NKs, dendritic cells, monocytes, and antitumor
T cell responses [39]. Stimulation of TLR9 with ODN 1826
induces caspase-3-dependent apoptosis in gliomas and pro-
longs the survival of C57BL/6 mice with an intracranially
implanted glioma cell line (GL261). Moreover, mice treated
with ODN 2138 showed no evidence of enhanced survival
[40]. In addition, ODNs enhance survival and prime long-
term immunity in mice with two separate glioblastoma
tumors in wich only one was treated. This may suggest that
treatment with CpG-ODN could be effective in tumor cells
located at some distance from the application site [41]. The
antitumoral effect was not mediated by direct toxicity but
instead involved cells of the immune system, including NK
cells, macrophages, microglial cells, and CD8 T cells [41].

In another study, Grauer et al. showed that there are low
to undetectable levels of TLR5, TLR7, and TLR9 in GL261
cells; surprisingly, in C57BL/6 mice, a single intratumoral
injection of CpG ODN 1668 inhibited glioma growth and
cell proliferation in a cell-type specific manner. CpG ODN

1668 was superior in the elimination of murine gliomas
(median survival >90 days) when compared with PAM

3
Cys-

SK4 (median survival= 34.5 days), while LPS and poly(I:C)
did not show a significant effect on tumor growth (median
survival = 27 days). Similar to ODN 1668, R848 also extended
the survival of glioma-bearing mice but not as effectively
(median survival >36.5 days) [42].

Subcutaneous vaccination of CpG-ODN 2006 with
glioma cell lysate (cell line GL261) in glioma-bearing mice
had a potent antitumoral effect with a cure rate of 55%; the
mice showed a significant increase in activated DCs and a
considerable expansion of T lymphocytes, which produced
IFN-𝛾 and lysed glioma cells.These data support the idea that
priming T cells extracranially with CpG-activated DCs with
tumor antigens is better than administering intratumoral
CpG ODN [41, 43]. According to the authors, this method
is more effective and simple, and potentially safer for the
administration of CpG ODN in glioma immunotherapy.
However, it is known that cell line gliomas aremore immuno-
genic than arising human gliomas; therefore,more studies are
needed [44].

The CpG ODN effect is enhanced by using a vehicle that
promotes internalization to target cells; carbon nanotubes
(CNTs) have been tested as a thiolated CpG (sCpG) delivery
vehicle into the tumor-associated inflammatory cells in a
murine glioma model. CNT-sCpG delayed tumor growth,
and 50-60%ofmicewith established gliomaswere cured.This
antitumoral effect was accompanied by a sustained elevation
ofNK cells in the circulation andmacrophage infiltration into
the brain. sCpG alone enhancedmouse survival, but the effect
was less than when mice were treated with CNT-sCpG [45].

Another advantage of using of TLR agonists in
immunotherapy is that TLR activation may also have a
systemic effect. Xiong et al. demonstrated that topical
administration of IMQ significantly increased the number
of DCs and tumor-reactive T cells that reached the glioma
site. Additionally, soluble IMQ inhibited the proliferation of
GL261 cells in a TLR7-independent manner because TLR7
mRNA was not expressed in the tumor cells [42, 46]. The
inhibitory effects of IMQ in glioma cells do not require TLR7
expression, and themechanismbywhich IMQ inhibits tumor
growth could be due to the adenosine receptor-mediated
signaling pathway [46]. Similarly, another study found
that TLR7/TLR8 is not expressed in the glioma rat model
CNS-1; however, the activation of TLR7/8 by R848 alone
was sufficient to cause rejection of the smaller established
glioma in CNS-1 [47]. LPS injected intratumorally in a
glioblastoma model induced near-complete subcutaneous
tumor elimination in wild-type BALB/c mice and a 50%
reduction in TLR4 knockoutmice. However, it did not confer
a substantial benefit in intracranial glioblastoma-bearing
mice. Analysis showed no TLR4 expression in the tumors
taken from wild-type mice. However, a neutrophilic and
macrophage-rich infiltrates were found in both tumors. The
evidence indicates that the immunity-related antitumoral
effect of LPS is not completely mediated by TLR4 [48].
Together, these findings suggest the participation of the
immunological and stromal components of the tumor
microenvironment.
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The use of LPS in therapy against CNS tumors requires
careful study; several reports have found a neurodegenerative
and inflammatory effect of this TLR4 agonist and hence
have suggested less toxic alternatives [49, 50]. Kawanishi et
al. reported that Spirulina complex polysaccharides (CPS)
initiated an antitumoral response against glioma and induced
a greater production of IL-17 than LPS in C3H/HeJ mice;
however, this result is opposite that for C3H/HeN mice. The
results confirm that these effects are dependent on TLR4
signaling. The anti-IL-17 antibodies inhibited the growth of
glioma cells in both mouse strains (C3J/HeN and C3J/HeJ)
but did not increase the growth suppression by Spirulina CPS
in C3J/HeN mice. In addition, C3H/HeN mice treated with
CPS had lower concentrations of IL-17, developed acquired
immunity, and expressed low levels of CD31 (angiogenesis
marker). Finally, T cells, macrophages, and NK cells were
identified as being responsible for glioma growth suppres-
sion through Spirulina CPS-TLR4 signaling. The authors
concluded that the antitumoral effect of CPS is due to
angiogenesis suppression and in part to the ability to regulate
IL-17. They also demonstrated that the antitumoral effect
of E. coli LPS is induced by IL-17 and IFN-𝛾 production,
but LPS had no effect on glioma angiogenesis. In contrast,
other studies showed that Spirulina CPS could cause NF-𝜅B
induction via TLR2 and TLR4. These findings may suggest
that TLR4 is not the only path for Spirulina CPS to induce its
effect [51]. Another study showed that the absence of TLR4
inhibited the growth of U-87 tumor xenografts. Furthermore,
TLR4 gene deficiency induced apoptosis process (caspase-3-
dependent), resulting in a decrease in tumor growth. This
suggests that TLR4 is a biomarker of interest for tumor
metastasis and prognosis [52].

Nevertheless, the antitumor effect of LPS has been shown.
Hua et al. reported that LPS-TLR4 activation fosters glioma
growth and decreases mouse survival; however, it did not
promote proliferation in vitro. This activation also downreg-
ulated in a dose-dependent manner glial fibrillary acidic pro-
tein (GFAP). LPS treatment produced slight phosphorylation
of MAPKs, ERK, JNK, and p38 but significantly increased
phosphorylation of NF-𝜅B and activation of the MyD88-
dependent Notch pathway. Notch inhibition reversed the
downregulation ofGFAP, suggesting that LPS reverses glioma
differentiation via the MyD88-dependent Notch pathway
[53].

Despite these results, the participation of TLR2 in the
antitumor responses in the CNS has been controversial. It
was reported that TLR2 activation with a synthetic bacterial
lipoprotein administered jointly with tumor antigen-specific
CD8 T cells increased long-term survival and immune
memory in a murine glioma model GL261 [54]. However,
the protumorigenic function of TLR2 has also been demon-
strated. In murine GL261 glioma cells implanted in TLR2
knockout mice, the lack of TLR2 resulted in significantly
smaller tumors, reduced membrane type 1 matrix metal-
loprotease (MT1-MMP) expression, and enhanced survival
rates compared with wild-type control mice. Agonists of
TLR2 (Pam

3
CSK
4
and MALP2) induce the upregulation

of MT1-MMP expression, promoting glioma expansion and
progression [55]. Nevertheless, a distinctive dysfunction in

TLR2 ligand-induced tyrosine phosphorylation of STAT1
has been observed in malignant cells but not normal glia.
Microglia, astrocytes, and neuroblastoma cells treated with
LTA and Pam3CSK4, two TLR2 ligands, induced tyrosine
phosphorylation of STAT1 in both astrocytes and microglia,
but it was not detected in neuroblastoma or different glioma
cell lines (GL26, U87, and U373) [56].

In addition, the possible therapeutic potential of some
endogenous ligands (e.g., DAMPs) has been demonstrated.
Curtin et al. developed immunotherapy using adenoviral
vectors expressing Fms-like tyrosine kinase 3 ligand (Flt3L)
and thymidine kinase (TK) administration into glioblas-
toma. While the Flt3L induces DC infiltration into the
brain parenchyma, TK is a conditional cytotoxic gene. Later,
researchers identified an endogenous TLR2 agonist called
high-mobility-group box 1 (HMGB1), wich is released by
dying tumor cells as a result of tumor cell killing. When
HMGB1 was blocked, Flt3L/TK-induced glioma brain tumor
regression was inhibited. Tumor-derived HMGB1 triggers a
CD8+ T cell antiglioblastoma response and induces TLR2
signaling [57]. Nevertheless, HMGB1 is not a specific ligand
for TLR2; it can also be recognized by TLR4, TLR9, and
RAGE and activate multiple signaling pathways (NF-𝜅B,
ERK1/2, p38, and STAT3) and subsequently the regulation
of cytokines, chemokines, adhesion molecules, cell prolif-
eration, survival, differentiation, migration, phagocytosis,
autophagy, and tumorigenesis [58–60]. These findings taken
together demonstrate that TLR signaling in CNS tumors is
highly heterogeneous as is the resulting response. Further-
more, there is evidenceNF-kB can be activated independently
of TLRs. Tumorigenesis has been associated with the activa-
tion of NF-kB in glioblastoma multiforme [61]. However, in
glioma cell lines (A172 and LN229), TNF𝛼-induced NF-𝜅B
activation is partially dependent on TLR4 and involves both
MyD88 and TRIF [62].

Several clinical-phase studies have been carried out, and
others are currently in process; however, the results obtained
so far are controversial and have not led to a definitive
position about the use of TLR agonists as adjuvant therapy
to treating tumors of the CNS.

Phase I clinical studies have been conducted to establish
the safety profile of CpG-28 in patients with recurrent
glioblastoma. Patients were treated with increasing doses of
CpG-28 and evaluated for at least four months. Two patients
showed tumor reduction of 29% and 20% in the largest
perpendicular diameters associated with reduced mass effect
and decreased surrounding edema. Two other patients had
a stable disease for more than four months. At the time of
the antitumor response analysis, 20% of patients had died
(n=24), and 28% experienced one-year survival; the median
survival was 7.2 months. In conclusion, phase I trials and
preclinical models demonstrated that local administration of
CpG ODN in glioblastoma-bearing patients and those with
recurrent glioblastoma is possible and tolerated at doses up
to 20 mg [43]. Therefore, Ursu et al. conducted a phase I
trial with patients with different types of cancer, including
ependymoma (n=1), glioma (n=1), oligodendroglioma (n=1),
oligoastrocytoma (n=1), and glioblastoma (n=15), and CpG-
28 was administered to each patient. In some cases, patients
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Figure 1: Summarymechanisms of TLR agonists as immunotherapy for CNS tumors. Activation of TLRs induces cytokine production, active
NKs, dendritic cells, macrophage, T cell, and tumor cell apoptosis. TLR agonists can have local effect (A) and can also have a systemic effect
(B).

received CpG treatment alone or in concomitantly with
oncological treatment. The results showed heterogeneity
among patients (n=29). Apparently, there was no significant
survival between the groups treated with CpG-28 alone or
CpG/oncological therapy. However, three patients showed
remarkable changes.The patient with grade III ependymoma
was stable during the protocol and remained alive 6 years after
the study. The patients with grade III anaplastic oligoastro-
cytoma and glioblastoma showed clinical improvement after
treatment with CpG28/bevacizumab, remained stable, and
died at 12.5 months and 8.8 months, respectively [63].

In another phase I study, vaccination with autologous
DC pulsed with glioma tumor lysate used as an adjuvant
following surgical resection with standard chemoradiother-
apy was determined to be safe, as it did not induce dose-
limiting toxicities. In addition, the study authors used “boost”
vaccinations with innate immune response modifiers (TLR
agonists), 5% imiquimod, or poly-ICLC because these ago-
nists may promote DC activation and priming of T cells;
these vaccinations did not have any additional toxicity or
adverse events. Interestingly, the median survival of patients
treated with the vaccine was 31.4 months, compared to
glioblastoma patients who had resection and were treated
with concomitant chemoradiotherapy, where the median
survival was 18.6 months [64] (Figure 1).

A phase II trial was performed to evaluate the efficacy
and tolerance of a CpG ODN (10 mg/mL) treatment in
recurrent-glioblastoma subjects.The authors did not find any
progression-free survival in any of the patients evaluated,
but the study had some long-term survivors, suggesting that
some individuals might benefit from this treatment. Other
studies need to be done with more patients to confirm
whether side effects were caused by the CpG ODN treatment

and to clarify which subgroup of patients benefit from
the treatment [65]. Additional trials should be carried out
with a greater number of patients to clarify the effect of
immunotherapy targeting the activation of TLRs in tumors
of the CNS.

5. Conclusion

The response induced by the activation of the TLRs leads
to protumor or antitumor effects. Factors that determine
the type of response include the agonists employed, type
of cancer, the expression levels of TLRs, and the tumor
microenvironment.

The molecular mechanisms through which TLRs modu-
late initiation, development, and tumor progression are not
fully understood, but evidence shows their participation in
processes such as apoptosis, angiogenesis, and proliferation
of tumor cells. Clinical studies have shown the relevance and
therapeutic potential of using TLR agonists in the treatment
of tumors of the CNS. Future studies should be aimed at
understanding the immunobiology of different malignancies
originating in the CNS and establishing the efficacious and
safety of immunotherapy based on the activation of TLRs that
leads to establishing therapeutic alternatives for the treatment
of cancer.
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SSA-1225.

References

[1] F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre, and
A. Jemal, “Global cancer statistics 2018: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in 185
countries,” CA: A Cancer Journal for Clinicians, vol. 68, no. 6,
pp. 394–424, 2018.

[2] J. Ferlay, I. Soerjomataram, R. Dikshit et al., “Cancer incidence
and mortality worldwide: sources, methods and major patterns
in GLOBOCAN 2012,” International Journal of Cancer, vol. 136,
no. 5, pp. E359–E386, 2015.

[3] C. Roma-Rodrigues, R. Mendes, P. Baptista, and A. Fernandes,
“Targeting tumor microenvironment for cancer therapy,” Inter-
national Journal ofMolecular Sciences, vol. 20, no. 4, p. 840, 2019.

[4] D. De Nardo, “Toll-like receptors: Activation, signalling and
transcriptionalmodulation,”Cytokine, vol. 74, no. 2, pp. 181–189,
2015.

[5] T. Kawai and S. Akira, “The role of pattern-recognition recep-
tors in innate immunity: update on toll-like receptors,” Nature
Immunology, vol. 11, no. 5, pp. 373–384, 2010.

[6] D. Gao andW. Li, “Structures and recognitionmodes of toll-like
receptors,”Proteins: Structure, Function, and Bioinformatics, vol.
85, no. 1, pp. 3–9, 2017.

[7] B. Lemaitre, E. Nicolas, L. Michaut, J. Reichhart, and J. A.
Hoffmann, “The dorsoventral regulatory gene cassette spat-
zle/Toll/Cactus controls the potent antifungal response in
Drosophila adults,” Cell, vol. 86, no. 6, pp. 973–983, 1996.

[8] N. Pujol, E. M. Link, L. X. Liu et al., “A reverse genetic analysis
of components of the Toll signaling pathway in Caenorhabditis
elegans,” Current Biology, vol. 11, no. 11, pp. 809–821, 2001.

[9] P. A. Hopkins and S. Sriskandan, “Mammalian toll-like recep-
tors: to immunity and beyond,” Clinical & Experimental
Immunology, vol. 140, no. 3, pp. 395–407, 2005.

[10] K. Takeda and S.Akira, “Toll-like receptors in innate immunity,”
International Immunology, vol. 17, no. 1, pp. 1–14, 2005.

[11] X. Li, S. Jiang, and R. I. Tapping, “Toll-like receptor signaling in
cell proliferation and survival,” Cytokine, vol. 49, no. 1, pp. 1–9,
2010.

[12] P. Mukherjee, C. W. Winkler, K. G. Taylor et al., “SARM1, not
MyD88, mediates TLR7/TLR9-induced apoptosis in neurons,”
The Journal of Immunology, vol. 195, no. 10, pp. 4913–4921, 2015.

[13] T. Taylor, Y.-J. Kim, X. Ou, W. Derbigny, and H. E. Brox-
meyer, “Toll-like receptor 2 mediates proliferation, survival,
NF-𝜅B translocation, and cytokine mRNA expression in LIF-
maintainedmouse embryonic stem cells,” Stem Cells and Devel-
opment, vol. 19, no. 9, pp. 1333–1341, 2010.

[14] M. Ifuku, A. Buonfiglioli, P. Jordan, S. Lehnardt, and H.
Kettenmann, “TLR2 controls random motility, while TLR7
regulates chemotaxis of microglial cells via distinct pathways,”
Brain, Behavior, and Immunity, vol. 58, pp. 338–347, 2016.

[15] Y. Liu, X. Guo, L. Wu et al., “Lipid rafts promote liver cancer
cell proliferation and migration by up-regulation of TLR7
expression,” Oncotarget , vol. 7, no. 39, pp. 63856–63869, 2016.

[16] P. D. Kohtz, A. L. Halpern, M. A. Eldeiry et al., “Toll-like
receptor-4 is a mediator of proliferation in esophageal adeno-
carcinoma,” The Annals of Thoracic Surgery, vol. 107, no. 1, pp.
233–241, 2019.

[17] M. Cao, F. Chen, N. Xie et al., “c-Jun N-terminal kinases
differentially regulate TNF- and TLRs-mediated necroptosis
through their kinase-dependent and -independent activities,”
Cell Death & Disease, vol. 9, no. 12, p. 1140, 2018.

[18] M. Dajon, K. Iribarren, and I. Cremer, “Toll-like receptor
stimulation in cancer: a pro- and anti-tumor double-edged
sword,” Immunobiology, vol. 222, no. 1, pp. 89–100, 2017.

[19] E. L. Lowe, T. R. Crother, S. Rabizadeh et al., “Toll-Like Receptor
2 signaling protects mice from tumor development in a mouse
model of Colitis-induced cancer,” PLoS ONE, vol. 5, no. 9,
Article ID e13027, 2010.

[20] G. Gambara, M. Desideri, A. Stoppacciaro et al., “TLR3 engage-
ment induces IRF-3-dependent apoptosis in androgen-sensitive
prostate cancer cells and inhibits tumour growth in vivo,”
Journal of Cellular and Molecular Medicine, vol. 19, no. 2, pp.
327–339, 2015.

[21] Y.-Y. Xu, L. Chen, I.-M. Zhou, Y.-Y. Wu, and Y.-Y. Zhu,
“Inhibitory effect of dsRNATLR3 agonist in a rat hepatocellular
carcinomamodel,”Molecular Medicine Reports, vol. 8, no. 4, pp.
1037–1042, 2013.

[22] N. Nomi, S. Kodama, and M. Suzuki, “Toll-like receptor 3
signaling induces apoptosis in human head and neck cancer via
survivin associated pathway,” Oncology Reports, vol. 24, no. 1,
pp. 225–231, 2010.

[23] K. Yoneda, K. Sugimoto, K. Shiraki et al., “Dual topology of
functional Toll-like receptor 3 expression in human hepatocel-
lular carcinoma: differential signaling mechanisms of TLR3-
induced NF-𝜅B activation and apoptosis,” International Journal
of Oncology, vol. 33, no. 5, pp. 929–936, 2008.

[24] K. Palucka and J. Banchereau, “Cancer immunotherapy via
dendritic cells,” Nature Reviews Cancer, vol. 12, no. 4, pp. 265–
277, 2012.

[25] J.-P. Pradere, D. H. Dapito, and R. F. Schwabe, “The Yin and
Yang of Toll-like receptors in cancer,” Oncogene, vol. 33, no. 27,
pp. 3485–3495, 2014.

[26] M. S. Diamond, M. Kinder, H. Matsushita et al., “Type I
interferon is selectively required by dendritic cells for immune
rejection of tumors,”The Journal of Experimental Medicine, vol.
208, no. 10, pp. 1989–2003, 2011.

[27] J. Garaude, A. Kent, N. van Rooijen, and J. M. Blander,
“Simultaneous targeting of toll- and nod-like receptors induces
effective tumor-specific immune responses,” Science Transla-
tional Medicine, vol. 4, no. 120, Article ID 120ra16, 2012.

[28] B. Drobits, M. Holcmann, N. Amberg et al., “Imiquimod
clears tumors in mice independent of adaptive immunity by
converting pDCs into tumor-killing effector cells,” The Journal
of Clinical Investigation, vol. 122, no. 2, pp. 575–585, 2012.

[29] J. R. Cubillos-Ruiz, X. Engle, U. K. Scarlett et al.,
“Polyethylenimine-based siRNA nanocomplexes reprogram
tumor-associated dendritic cells via TLR5 to elicit therapeutic
antitumor immunity,” The Journal of Clinical Investigation, vol.
119, no. 8, pp. 2231–2244, 2009.

[30] S. Nierkens,M.H.Den Brok, Z. Garcia et al., “Immune adjuvant
efficacy of CpG oligonucleotide in cancer treatment is founded
specifically upon TLR9 function in plasmacytoid dendritic
cells,” Cancer Research, vol. 71, no. 20, pp. 6428–6437, 2011.



8 BioMed Research International

[31] T. Ebihara, M. Azuma, H. Oshiumi et al., “Identification of a
polyI:C-inducible membrane protein that participates in den-
dritic cell-mediated natural killer cell activation,”The Journal of
Experimental Medicine, vol. 207, no. 12, pp. 2675–2687, 2010.

[32] C. Pasare and R.Medzhitov, “Toll pathway-dependent blockade
of CD4+CD25+ T cell-mediated suppression by dendritic cells,”
Science, vol. 299, no. 5609, pp. 1033–1036, 2003.

[33] G. Peng, Z. Guo, Y. Kiniwa et al., “Toll-like receptor 8-mediated
reversal of CD4+ regulatory T cell function,” Science, vol. 309,
no. 5739, pp. 1380–1384, 2005.

[34] H. Shime, M. Matsumoto, H. Oshiumi et al., “Toll-like receptor
3 signaling converts tumorsupporting myeloid cells to tumori-
cidal effectors,” Proceedings of the National Acadamy of Sciences
of the United States of America, vol. 109, no. 6, pp. 2066–2071,
2012.

[35] V. Damiano, S. Garofalo, R. Rosa et al., “A novel toll-like
receptor 9 agonist cooperateswith trastuzumab in trastuzumab-
resistant breast tumors through multiple mechanisms of
action,” Clinical Cancer Research, vol. 15, no. 22, pp. 6921–6930,
2009.

[36] Y. A. Sidky and E. C. Borden, “Inhibition of angiogenesis by
interferons: effects on tumor- and lymphocyte-induced vascular
responses,” Cancer Research, vol. 47, no. 19, pp. 5155–5161, 1987.

[37] M. De Palma, R. Mazzieri, L. S. Politi et al., “Tumor-
targeted interferon-alpha delivery by Tie2-expressing mono-
cytes inhibits tumor growth and metastasis,” Cancer Cell, vol.
14, no. 4, pp. 299–311, 2008.

[38] M. Shi, X. Chen, K. Ye, Y. Yao, and Y. Li, “Application potential
of toll-like receptors in cancer immunotherapy: systematic
review,”Medicine, vol. 95, no. 25, Article ID e3951, 2016.

[39] A. M. Krieg, “Development of TLR9 agonists for cancer ther-
apy,”The Journal of Clinical Investigation, vol. 117, no. 5, pp. 1184–
1194, 2007.

[40] A. El Andaloussi, A. M. Sonabend, Y. Han, and M. S. Lesniak,
“Stimulation of TLR9 with CpG ODN enhances apoptosis of
glioma and prolongs the survival of mice with experimental
brain tumors,” Glia, vol. 54, no. 6, pp. 526–535, 2006.

[41] A. F. Carpentier, J. Xie, K.Mokhtari, and J.-Y. Delattre, “Success-
ful treatment of intracranial gliomas in rat by oligodeoxynu-
cleotides containing CpGmotifs,” Clinical Cancer Research, vol.
6, no. 6, pp. 2469–2473, 2000.

[42] O. M. Grauer, J. W. Molling, E. Bennink et al., “TLR ligands in
the local treatment of established intracerebralmurine gliomas,”
The Journal of Immunology, vol. 181, no. 10, pp. 6720–6729, 2014.

[43] A. Carpentier, F. Laigle-Donadey, S. Zohar et al., “Phase 1
trial of a CpG oligodeoxynucleotide for patients with recurrent
gliobastoma,” Neuro-Oncology, vol. 8, no. 1, pp. 60–66, 2006.

[44] A. Wu, S. Oh, S. Gharagozlou et al., “In vivo vaccination with
tumor cell lysate plus CpG oligodeoxynucleotides eradicates
murine glioblastoma,” Journal of Immunotherapy, vol. 30, no. 8,
pp. 789–797, 2007.

[45] D. Zhao, D. Alizadeh, L. Zhang et al., “Carbon nanotubes
enhance CpG uptake and potentiate antiglioma immunity,”
Clinical Cancer Research, vol. 17, no. 4, pp. 771–782, 2011.

[46] Z. Xiong and J. R. Ohlfest, “Topical imiquimod has therapeutic
and immunomodulatory effects against intracranial tumors,”
Journal of Immunotherapy, vol. 34, no. 3, pp. 264–269, 2011.

[47] A. Stathopoulos, C. Pretto, L. Devillers et al., “Development of
immune memory to glial brain tumors after tumor regression
induced by immunotherapeutic toll-like receptor 7/8 activa-
tion,” OncoImmunology, vol. 1, no. 3, pp. 298–305, 2012.

[48] M. R. Chicoine, M. Zahner, E. K. Won et al., “The in vivo
antitumoral effects of lipopolysaccharide against glioblastoma
multiforme are mediated in part by toll-like receptor 4,” Neuro-
surgery, vol. 60, no. 2, pp. 372–381, 2007.

[49] L. Qin, X. Wu, M. L. Block et al., “Systemic LPS causes chronic
neuroinflammation and progressive neurodegeneration,” Glia,
vol. 55, no. 5, pp. 453–462, 2007.

[50] I. E. Papageorgiou,A. Lewen, L.V.Galow et al., “TLR4-activated
microglia require IFN-𝛾 to induce severe neuronal dysfunction
and death in situ,” Proceedings of the National Acadamy of
Sciences of the United States of America, vol. 113, no. 1, pp. 212–
217, 2016.

[51] Y. Kawanishi, A. Tominaga, H. Okuyama et al., “Regulatory
effects of Spirulina complex polysaccharides on growth of
murine RSV-M glioma cells through Toll-like receptor 4,”
Microbiology and Immunology, vol. 57, no. 1, pp. 63–73, 2013.

[52] G. Casili, M. Caffo,M. Campolo et al., “TLR-4/Wntmodulation
as new therapeutic strategy in the treatment of glioblastomas,”
Oncotarget, vol. 9, no. 101, pp. 37564–37580, 2018.

[53] J. Hu, B. Shi, X. Liu et al., “The activation of Toll-like receptor 4
reverses tumor differentiation in human glioma U251 cells via
Notch pathway,” International Immunopharmacology, vol. 64,
pp. 33–41, 2018.

[54] Y. Zhang, F. Luo, A. Li et al., “Systemic injection of TLR1/2
agonist improves adoptive antigen-specific T cell therapy in
glioma-bearing mice,” Clinical Immunology, vol. 154, no. 1, pp.
26–36, 2014.

[55] K. Vinnakota, F. Hu, M.-C. Ku et al., “Toll-like receptor 2
mediates microglia/brain macrophage MT1-MMP expression
and glioma expansion,”Neuro-Oncology, vol. 15, no. 11, pp. 1457–
1468, 2013.

[56] H. J. Yoon, S.-B. Jeon, H. S. Koh et al., “Distinctive responses
of brain tumor cells to TLR2 ligands:,” Glia, vol. 63, no. 5, pp.
894–905, 2015.

[57] J. F. Curtin, N. Liu, M. Candolfi et al., “HMGB1 mediates
endogenous TLR2 activation and brain tumor regression,” PLoS
Medicine, vol. 6, no. 1, p. e10, 2009.

[58] R. A. Seidu, M. Wu, Z. Su, and H. Xu, “Paradoxical role of high
mobility group box 1 in glioma: a suppressor or a promoter?”
Oncology Reviews, vol. 11, no. 1, p. 325, 2017.

[59] K. Kierdorf and G. Fritz, “RAGE regulation and signaling in
inflammation and beyond,” Journal of Leukocyte Biology, vol. 94,
no. 1, pp. 55–68, 2013.

[60] E. Angelopoulou, C. Piperi, C. Adamopoulos, and A. G.
Papavassiliou, “Pivotal role of high-mobility group box 1
(HMGB1) signaling pathways in glioma development and
progression,” Journal of Molecular Medicine, vol. 94, no. 8, pp.
867–874, 2016.

[61] S. Nozell, T. Laver, D. Moseley et al., “The ING4 tumor
suppressor attenuates NF-𝜅B activity at the promoters of target
genes,”Molecular and Cellular Biology, vol. 28, no. 21, pp. 6632–
6645, 2008.

[62] R. Tewari, S. R. Choudhury, S. Ghosh, V. S. Mehta, and E. Sen,
“Involvement of TNF𝛼-induced TLR4–NF-𝜅B and TLR4–HIF-
1𝛼 feed-forward loops in the regulation of inflammatory
responses in glioma,” Journal of Molecular Medicine, vol. 90, no.
1, pp. 67–80, 2012.

[63] R. Ursu, S. Taillibert, C. Banissi et al., “Immunotherapy with
CpG-ODN in neoplastic meningitis: a phase I trial,” Cancer
Science, vol. 106, no. 9, pp. 1212–1218, 2015.



BioMed Research International 9

[64] R. M. Prins, H. Soto, V. Konkankit et al., “Gene expression
profile correlates with T-cell infiltration and relative sur-
vival in glioblastoma patients vaccinated with dendritic cell
immunotherapy,” Clinical Cancer Research, vol. 17, no. 6, pp.
1603–1615, 2011.

[65] A. Carpentier, P. Metellus, R. Ursu et al., “Intracerebral admin-
istration of CpG oligonucleotide for patients with recurrent
glioblastoma: a phase II study,” Neuro-Oncology, vol. 12, no. 4,
pp. 401–408, 2010.

[66] M. L. Hanke and T. Kielian, “Toll-like receptors in health and
disease in the brain: mechanisms and therapeutic potential,”
Clinical Science, vol. 121, no. 9, pp. 367–387, 2011.

[67] M. Bsibsi, R. Ravid, D. Gveric, and J. M. van Noort, “Broad
expression of Toll-like receptors in the human central nervous
system,” Journal of Neuropathology & Experimental Neurology,
vol. 61, no. 11, pp. 1013–1021, 2002.

[68] S. F. Hussain, D. Yang, D. Suki, K. Aldape, E. Grimm, and
A. B. Heimberger, “The role of human glioma-infiltrating
microglia/macrophages in mediating antitumor immune
responses,” Neuro-Oncology, vol. 8, no. 3, pp. 261–279, 2006.

[69] I. Fattori Moretti, D. Gil Franco, T. Fernanda de Almeida
Galatro, S. Mieko Oba-Shinjo, and S. Kazue Nagahashi Marie,
“Plasmatic membrane toll-like receptor expressions in human
astrocytomas,” PLoS ONE, vol. 13, no. 6, Article ID e0199211,
2018.

[70] T. Kielian, “Toll-like receptors in CNS glial inflammation and
homeostasis,” Journal of Neuroscience Research, vol. 83, no. 5,
pp. 711–730, 2006.

[71] C. C. Bowman, A. Rasley, S. L. Tranguch, and I. Marriott,
“Cultured astrocytes express toll-like receptors for bacterial
products,” Glia, vol. 43, no. 3, pp. 281–291, 2003.

[72] P. J. Crack and P. J. Bray, “Toll-like receptors in the brain and
their potential roles in neuropathology,” Immunology & Cell
Biology, vol. 85, no. 6, pp. 476–480, 2007.

[73] Z. Zhang, J. Guo, S. Li et al., “TLR8 and its endogenous ligand
miR-21 contribute to neuropathic pain in murine DRG,” The
Journal of ExperimentalMedicine, vol. 215, no. 12, pp. 3019–3037,
2018.

[74] A. Rasley, J. Anguita, and I. Marriott, “Borrelia burgdor-
feri induces inflammatory mediator production by murine
microglia,” Journal of Neuroimmunology, vol. 130, no. 1-2, pp.
22–31, 2002.

[75] D. Maslinska, M. Laure-Kamionowska, and S. Maslinski, “Toll-
like receptors as an innate immunity bridge to neuroinflamma-
tion inmedulloblastoma,” Folia Neuropathologica, vol. 50, no. 4,
pp. 375–381, 2012.

[76] Y. F. Hung, C. Y. Chen, Y. C. Shih, H. Y. Liu, C.M.Huang, and Y.
P. Hsueh, “Endosomal TLR3, TLR7, and TLR8 control neuronal
morphology through different transcriptional programs,” The
Journal of Cell Biology, vol. 217, no. 8, pp. 2727–2742, 2018.

[77] S. Deng, S. Zhu, Y. Qiao et al., “Recent advances in the role
of toll-like receptors and TLR agonists in immunotherapy for
human glioma,” Protein & Cell, vol. 5, no. 12, pp. 899–911, 2014.

[78] T. Kielian, P. Mayes, and M. Kielian, “Characterization
of microglial responses to Staphylococcus aureus: Effects
on cytokine, costimulatory molecule, and Toll-like receptor
expression,” Journal of Neuroimmunology, vol. 130, no. 1-2, pp.
86–99, 2002.

[79] P. A. Carpentier, W. S. Begolka, J. K. Olson, A. Elhofy, W. J.
Karpus, and S. D. Miller, “Differential activation of astrocytes
by innate and adaptive immune stimuli,” Glia, vol. 49, no. 3, pp.
360–374, 2005.

[80] Y. Shintani, A. Kapoor, M. Kaneko et al., “TLR9 mediates
cellular protection by modulating energy metabolism in car-
diomyocytes andneurons,”Proceedings of theNational Acadamy
of Sciences of the United States of America, vol. 110, no. 13, pp.
5109–5114, 2013.

[81] A. G. Alvarado, P. S. Thiagarajan, E. E. Mulkearns-Hubert
et al., “Glioblastoma cancer stem cells evade innate immune
suppression of self-renewal through reduced TLR4 expression,”
Cell Stem Cell, vol. 20, no. 4, pp. 450.e4–461.e4, 2017.

[82] B. B. Mishra, U. M. Gundra, and J. M. Teale, “Expression and
distribution of Toll-like receptors 11-13 in the brain during
murine neurocysticercosis,” Journal of Neuroinflammation, vol.
5, article 53, pp. 1–11, 2008.



Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AutismDepression Research 

and Treatment
Hindawi
www.hindawi.com Volume 2018

Neurology 
Research International

Hindawi
www.hindawi.com Volume 2018

Alzheimer’s Disease
Hindawi
www.hindawi.com Volume 2018

International Journal of

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
Schizophrenia

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018
Hindawi
www.hindawi.com Volume 2018

Neural PlasticityScienti�ca
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Sleep Disorders
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Neuroscience 
Journal

Medicine
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Psychiatry 
Journal

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Multiple Sclerosis 
International
Hindawi
www.hindawi.com Volume 2018

Stroke
Research and Treatment
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Hindawi
www.hindawi.com Volume 2018

Case Reports in 
Neurological Medicine

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/aurt/
https://www.hindawi.com/journals/drt/
https://www.hindawi.com/journals/nri/
https://www.hindawi.com/journals/ijad/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/schizort/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/np/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/sd/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/amed/
https://www.hindawi.com/journals/psychiatry/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/msi/
https://www.hindawi.com/journals/srt/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/crinm/
https://www.hindawi.com/
https://www.hindawi.com/

