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Toll-like receptors (TLRs) are typical transmembrane proteins, which are essential pattern recognition receptors in
mediating the effects of innate immunity. TLRs recognize structurally conserved molecules derived from microbes

and damage-associated molecular pattern molecules that play an important role in inflammation.

cancer Toll-like receptors immunotherapy

1. Toll like Receptor Localization and Recognition of
Microbial Ligands

Toll like receptors (TLRs) are involved in the recognition of microbial exogenously and endogenously derived
molecular patterns. This occurs at the plasma membrane and at intracellular compartments, respectively, and thus
TLR ligands can be either exogenous or host-derived. TLRs 1, 2, 4, 5, and 6 are located primarily in the plasma
membrane, where they interact with components of microbial pathogens that exogenously encounter the cell. In
contrast, TLRs 3, 7, 8, and 9 are situated in the membranes of endosomes and lysosomes, where they interact
with components that are endogenous. Figure 1 depicts in detail the location of specific TLRs and their respective,

best-characterized ligands.
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Figure 1. Cellular localization of the Toll-like receptor (TLR) family. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10
are localized to the cell surface to recognize common microbial structural components and endogenous ligands.
TLR3, TLR7, TLR8, TLR9, TLR12 and TLR13 are located on endosomes to sense microbial nucleic acids that
have entered the cell. TLR11 and TLR12 are localized to endosomes to recognize Toxoplasma gondii derived

profilin. Created with Biorender.com.

2. Microbial Derived Toll like Receptor Agonists and Their
Role in Cancer Immunotherapy

Harnessing the host response to infection has been utilized to target cancer for centuries W&, Microbial sensing
through TLRs initiates a signaling cascade that induces pro-inflammatory responses. The Toll-like receptor
signaling pathway plays a crucial role in host immune defenses against numerous diseases and has been
identified as an immunotherapeutic target against various types of cancer. New avenues to combat cancers
involves the regulation of the host’s innate immune system using agonists, which can bind to a variety of TLRs.
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These agonists can be used in combination with other cancer therapies, like chemotherapy and radiotherapy, to

provide a broader spectrum of protection.

| 3. Bacterial-Derived Toll like Receptor Agonists

Many of the pivotal studies in the field of bacterial-based cancer immunotherapy (BBCT) were pioneered by 19th
century clinician—scientist Dr. William Coley 2. Dr. Coley utilized a combination of live Streptococcus
pyogenes and Serratia marcescens to treat patients with inoperable sarcomas &l In the patients with the most
dramatic tumor regression, Dr. Coley noted that an erysipelas infection and subsequent fever had been induced in
these patients. Dr. Coley’s observations were likely a result of robust immune system activation from Coley’s
bacterial-based toxins, thus implicating a link between response to infection and tumor eradication that would serve
as the basis for modern cancer immunotherapies. Though unbeknownst to Dr. Coley, a likely mediator in his

patients’ responses was innate microbial recognition through Toll-like receptors 23],

Molecular triggers responsible for remissions from Coley’s toxins are TLR ligands that target patter recognition
receptors (PRRs) 4. PRRs share the ability to recognize relatively conserved microbial components, which are
generally referred to as microbe- or pathogen-associated molecular patterns (MAMPs or PAMPS), as well as
endogenous danger signals commonly known as damage-associated molecular patterns (DAMPs). Common TLR-
activating MAMPs include viral and bacterial nucleic acids (which can signal through TLR3, TLR7, TLRS, or TLR9),
flagellin (a TLR5 agonist), as well as lipopolysaccharide (LPS), lipoteichoic acid, and mannans (which signal
through TLR2 or TLR4). Endogenous nucleic acids and the nuclear non-histone protein high mobility group box 1
(HGMBL1) are prototypic TLR-activating DAMPs.

Due to their role in self/nonself-differentiation B! and their ability to induce antigen presenting cell (APC) maturation,
TLR agonists are considered promising adjuvant candidates . In fact, a number of TLR agonists, including
Pam3CSK4, Pam2CSK4, MPLA (a LPS derivative), CpG, Polyl:C, and flagellin, are currently being tested as
cancer agonists .

Roberts et al. recently showed that an attenuated strain of Clostridium novyi efficiently decreased tumor size in rat
and dog cancer models in addition to one sarcoma patient B, This treatment is well-targeted as spores
of Clostridium novyi germinate selectively within the hypoxic regions of cancerous tissue and induce immune

responses likely via TLR activation &,

| 4. Viral-Derived Toll like Receptor Agonists

Oncolytic viruses (OVs) preferentially target tumor cells and activate antitumor immunity while limiting
pathogenicity, thus they have emerged as a promising tool for viral-based cancer therapies 9. Though additional
studies must be conducted to further characterize the TLR contribution to antitumor responses from oncolytic
virotherapy, OVs possess several TLR-stimulating moieties that can contribute to activation of host immune

response at the tumor site. Intratumoral treatment of murine glioma tumors with oncolytic adenovirus Delta-24-
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RGD significantly reduced tumor growth compared to PBS-treated tumors 1. Delta-24-RGD treatment was
demonstrated to remodel the tumor microenvironment, predominantly through enhanced CD8+ and CD4+ T cell
infiltration in the tumor L. Immune-mediated targeting of the tumor is likely a result of TLR9-medated T cell
proliferation as well as maturation of APCs, following the TLR9 recognition of double-stranded adenoviral DNA 12
[13][14]

Enhancing the intrinsic TLR stimulating properties of oncolytic adenoviruses has been another strategy for
targeting TLR-mediated immune responses. Ad5D24-CpG, an oncolytic adenovirus genetically manipulated to
express TLR9 stimulating CpG islands, significantly controlled tumor growth compared to CpG unenhanced
Ad5D24 treated tumors 18], Antitumor response from Ad5D24-CpG treatment was determined to be highly reliant
on TLR9-mediated NK cell activation, leading to the effective killing of tumor cells 13, Because stimulation of TLRs
expressed on NK cells enhances release of cytotoxic granules and cytokine production, in this context it is

suggested that the CpG insertion in Ad5D24 enhances these NK cell properties, facilitating more robust antitumor
responses [18I[17],

TLRs have also been implicated in the usage of non-oncolytic viruses for viral-based therapeutics. The intratumoral
administration of heat-inactivated influenza but not active influenza virus was found to drastically inhibit tumor
growth in a B16 melanoma model (28l This response from heat-inactivated influenza treatment was determined to
be dependent on increased cross-presenting CD8+ dendritic cell infiltration in the tumor X8, Paralleling the in vivo
findings, heat-inactivated influenza was observed to more potently stimulate TLR7 compared to active influenza
virus, determined by using TLR7 reporter cells 18, Given that the recognition of TLR ligands can enhance antigen
cross presentation in DCs, it is likely that heat-inactivated influenza more potently engaged TLR7, leading to an

increase in cross-presenting DCs within the tumor and the activation of CD8+ T cells and thereby reduced tumor
progression 120121]

| 5. Toll like Receptor Signaling in Cancer

5.1. Effects of Tumor-Promoting Toll like Receptor Signaling

TLRs have been associated with tumorigenesis, as they can activate multiple cancer-associated signaling
pathways. To date, TLRs have been recognized to transduce signals through NF-kB, PI3k-Akt, and MAPK-ERK to
advance cancer. NF-kB is recognized as the canonical signaling target upon TLR activation. When activated, NF-
KB plays a role in several cellular functions, including cell proliferation, pro-inflammatory cytokine production, and
cell survival/apoptosis, as described in Figure 2 (22, As a result of regulating many cellular processes, the NF-kB
pathway is an optimal target for aberrant, pro-tumorigenic signaling 231, Through the LPS stimulation of TLR4, NF-
kB activation enhanced the proliferation of gastric cancer cell lines BGC-823 and SGC-7901 [221124] |n similar form,
NF-kB activation via TLR4 resulted in apoptosis evasion in lung and head and neck cancer, with the addition of
TNF-related apoptosis-inducing ligand (TRAIL) [251[26],
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Figure 2. TLR-NF-kB signaling in progression or regression of cancer. Upon recognition of a ligand, TLRs
transduce signals through a MyD88-dependent signaling pathway, or alternatively a MyD88-independent TRIF-
activating pathway. Upon activation of the MyD88-dependent pathway, adapter molecule TIRAP transduces signals
to MyD88. MyD88 activates IRAK1 and IRAK4. Activated IRAK1 and IRAK4 lead to activation of TRAF6. TRAF6
activates the TAK1 complex. The TAK1 complex activates the IKK complex comprised of NEMO, IKKa, and IKK.
IKK complex activation leads to phosphorylation of IKBa, a protein responsible for sequestering NF-kB to the
cytoplasm. Once activated, NF-kB translocates to the nucleus to activate genes that can promote or inhibit
tumorigenesis. NF-kB also can be activated through TRIF, notably through TLR3. TRIF activation results in RIP1
and TRAF6 activation. Through RIP1 and TRAF6, the TAK1 complex is activated. Following TAK1 complex
activation, subsequent steps in NF-kB signaling are shared between the two pathways. Created

with Biorender.com.

Tumorigenic TLR signaling extends beyond the canonical NF-kB pathway. Adaptor protein BCAP has been
recognized as a link to TLR activation and downstream PI3k-Akt signaling 228, p|3K-Akt signaling regulates cell
proliferation, cell growth, and survival, thus is frequently upregulated in many cancers 29 (Figure 3). TLR7
activation was found to perpetuate pancreatic cancer progression through upregulated PI3K/Akt signaling.
Consequently, an upregulation of downstream signaling targets was also observed, including antiapoptotic and pro-

proliferative genes Bcl-xL and c-Myc 23189 Apoptosis resistance in PCI-30 cells has been shown to be mediated
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by TLR4-PI3K/Akt signaling [26. Enhanced angiogenesis has also been described as a product of PI3K-Akt
signaling, particularly in a cancer context. TLR4 stimulation in PANC-1 cells has increased vasculature formation

and proliferation through PI3K/Akt dependent signaling (22!,
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Figure 3. TLR-mediated PI3k-Akt signaling in tumorigenesis. PI3k is activated upon TLR stimulation through
MyD88, MAL, and BCAP. Activated PI3k converts phosphatidylinositol 4,5-bisphosphate (PIP2) to
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Akt activation occurs through PIPs-facilitated recruitment to the
plasma membrane and phosphorylation by PDK1. Activated Akt promotes tumor progression through anti-
inflammatory cytokine production, apoptosis resistance, tumor growth, angiogenesis, and metastasis. Created with

Biorender.com.

Aberrant MAPK/ERK signaling has been heavily implicated in approximately a third of all human cancers (21
Through activation of TAK1, TLR stimulation can activate the MAPK/ERK pathway to regulate growth, cell survival,
and metastasis 22 (Figure 4). LPS-induced TLR4 stimulation in A549 and H1299 cells was found to promote
secretion of pro-angiogenic factors VEGF and IL-8 in a p38 MAPK dependent manner 28] MAPK/ERK signaling
utilizes transcription regulation to promote tumoral immune evasion [32] Endogenous activation of TLR2 on glioma-
associated microglia was observed to downregulate MHC class Il expression and impede antigen presentation in a
TLR2-ERK1/2-dependent manner (241281 As a result, proliferation and activation of glioma targeting CD4+ T cells

was hindered.
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Figure 4. TLR-MAPK/ERK signaling in the progression or regression of cancer. MAPK/ERK pathway activation can
occur through MyD88-dependent or MyD88-independent TRIF signaling. The MyD88-dependent and -independent
signaling converges in the activation of the TAK1 complex. Following the activation of the TAK1 complex,
MEKK1/2, MKK4/7, and MKK3/6 are activated. MEKK1/2, MKK4/7, and MKK3/6 activation leads to the activation of
ERK1/2, IJNK, and p38 MAPK, respectively. Signaling from ERK1/2, JNK, and p38 MAPK can promote tumor

growth or inhibition, APC modulation, angiogenesis, and metastasis. Created with Biorender.com.

5.2. Effects of Anti-Tumor Toll like Receptor Signaling

The fate of pro- or anti-tumor TLR signaling seems to be largely context-dependent, with considerations being the
cancer type, the ligand activating the TLR, and the TLR itself. Tumor-rejecting TLR signaling utilizes several of the
same pathways that perpetuate tumor growth, including NF-kB. TLR-mediated NF-kB signaling has been shown to
induce IL-1B3, IL-6, and TNF-a production in breast and bladder cancer models [S6][37]. Targeting MAPK/ERK
signaling has also been reported to promote anti-tumor responses. Dendritic cells stimulated with TLR3 and TLR7
agonists were found to upregulate ERK signaling, likely contributing to the enhanced dendritic cell activation and

anti-tumor T-cell responses observed in CT26 tumors (28],

Apoptosis-induction in cancer cells appears to be a primary target for anti-tumor TLR signaling. Unsurprisingly,

modulating NF-kB signaling has been of interest to promote cancer cell apoptosis 22, The poly(1:C) stimulation of

https://encyclopedia.pub/entry/25163 7/12



Microbial-Derived Toll-like Receptor Agonism in Cancer Treatment | Encyclopedia.pub

TLR3 on PCI-15B cells was reported to enhance apoptosis through sustained NF-kB inactivation B2, As a result,
inactive NF-kB is likely unable to activate downstream anti-apoptotic genes, such as BCL-2 [22], |n contrast, TLR3-
mediated NF-kB activation was found to be required for apoptosis in poly(l:C)-treated CAMA-1 cells 2%, |t appears
that the activation or inactivation of NF-kB to promote apoptosis is dependent on the cancer type and additional

factors that may be driving the cancer.

Beyond NF-kB, the stimulation of TLRs can activate a type | interferon (IFN) signaling pathway to promote anti-
tumor responses (Figure 5). Because IFN signaling can occur to induce apoptosis in infected cells, it has been
recognized as a beneficial tool for initiating apoptosis in malignant cells. Treating LNCaP cells with a TLR3 agonist
was found to promote apoptosis in an IRF-3 signaling-dependent manner. Through TLR—IFN signaling, pro-
apoptotic protein Noxa was subsequently upregulated downstream, a likely contributor to the increased cancer cell
death 41, Apoptosis mediated by IFN signaling extends to other cancer types. In a non-muscle invasive bladder
cancer model, TLR4 activation with P-MAPA was shown to enhance IFN signaling. TLR4-mediated IFN signaling
resulted in increased apoptosis and iINOS expression, an enzyme responsible for nitric oxide (NO) synthesis 71,
Increased intracellular NO concentrations have been shown to induce apoptosis 2, thus it is likely that the

apoptosis of bladder cancer tumors occurs through a TLR4-IFN—INOS axis 43,
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Figure 5. TLR—IFN signaling in anti-tumor responses. TLRs use a MyD88-independent pathway for IFN signaling.

Upon TLR stimulation, membrane-localized TLRs (i.e., TLR4) activate TRIF through adaptor protein TRAM. TRIF

activates TRAF3, which activates the TBK1-IKKe complex. The TBK-IKKe complex phosphorylates IRF3.

Endosome-localized TLR3 activates TRIF directly. Following TRIF activation, TRAF3 is activated and shares

downstream IFN signaling steps with membrane-localized TLRs. TLR—IFN signaling induces type | IFN production,

apoptosis, and activation of immune cells. Created with Biorender.com.
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