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Introduction

During the past two decades, there has been great success in
developing and clinical application of immunotherapeutic
approaches in cancer treatment.! The purpose of cancer
immunotherapy is to stimulate and boost the patient's
immune system towards the eradication of malignant
cells.* Cancer immunotherapy started with Coley's
toxin in 1891. Coley showed that injecting the bacterial
toxin into a patient with inoperable cancer results in the
shrinking of the malignant tumor. Coley’s study was one
of the first examples of immunotherapy and set many
scientists on a path leading to the development of many
immunotherapy drugs.* The main advantage of cancer
immunotherapy over other conventional cancer therapies
such as chemotherapy (CT), is the generation of cancer-
specific and long-lasting effects against cancer.”” Despite
great promise, cancer immune-therapeutics in general

counteracts the therapeutic effects of immunotherapy and provides a favorable environment
for tumor growth and progression. Therefore, overcoming the immunosuppressive TME can
potentially augment the therapeutic effects of cancer immunotherapy in general and therapeutic
cancer vaccines in particular. Among the strategies developed for overcoming immunosuppression
in TME, the use of toll-like receptor (TLR) agonists has been suggested as a promising approach to
reverse immunosuppression. In this paper, we will review the application of the four most widely
studied TLR agonists including agonists of TLR3, 4, 7, and 9 in cancer immunotherapy.

and cancer vaccines particular, have not lived to their
potential and did not achieve the expected therapeutic
endpoints in the clinic.* Immunosuppression in the
tumor microenvironment (TME) has been recognized
as one of the main barriers to the success of cancer
immunotherapy.” '’

The therapeutic outcome of cancer immunotherapy
much depends on TME, where cancer cells interact with
different types of stroma cells including immune cells.®
Several clinical and preclinical studies have shown that
TME is immunosuppressive at the time of diagnosis
in many cancers and it plays a vital role in resistance to
therapy.” Activation of immunosuppressive immune cells
such as tolerogenic dendritic cells (DCs) and regulatory
T (Treg) cells is found to be crucial in the establishment
of immunosuppression in TME. The application of
antibodies that suppress the function of Treg cells, thereby
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improving effector T cells (Teff) function is one of the
first strategies used to increase the therapeutic efficacy of
cancer vaccines by modulation of immunosuppression in
TME.¢ In normal conditions, PD-1/PDL-1 (Programmed
death-1/Programmed death-ligand-1) and CTLA-4
(cytotoxic T-lymphocyte-associated protein 4) act as the
brakes of the immune system. PD-1/PDL-1 and CTLA-
4 are upregulated in human malignancies and display
an essential role in suppressing anti-cancer immune
responses in TME. PD-L1 expressed on tumor cells
negatively regulates T cell-mediated immune responses.
PD-L1 binds to PD-1 receptors expressed on T cells
leading to the induction of T cell exhaustion, which in
turn make a significant contribution to the formation
of immunosuppressive TME.*"? Moreover, binding
of CTLA-4 on Treg cells to B7 ligands on APCs results
in blocking of essential activation signal for T cells
actuation leading to anergy in T cells or generation of
more Treg cells in TME.” Blocking these inhibitory
receptors through antibodies, have been shown to reduce
immunosuppression in TME and enhance the therapeutic
effects of anti-cancer immune responses induced by
cancer vaccines.'®* PD-1/PD-L1 and CTLA-4 blockers
have also been shown to improve the activation and
tumor infiltration of cancer-specific CTLs (cytotoxic T
lymphocytes).®

Another  critical = strategy to  reverse  the
immunosuppression in TME is to target tolerogenic DCs
that play a vital role in activating immunosuppressive
immune cells including Treg cells. Previous findings show
that the function of tolerogenic DCs can be restored using
adjuvants, which bind to pattern recognition receptors
(PRRs) on DCs and induce their activation and functional
maturation. Toll-like receptors (TLRs) are the most well-
known type of PRRs found on antigen-presenting cells
(APCs) such as DCs and macrophages. TLR ligands have
been extensively studied for the modulation of anti-tumor
immune responses.*'® Here, we review the evidential
studies, investigating the effect of TLR in overcoming
immunosuppression in TME, as a significant obstacle to
successful cancer immunotherapy.

TME as a barrier to the success of cancer immunotherapy
Oncogenic signaling and TME are two significant
phenomena responsible for escaping cancer from
immune surveillance, leading to tumor progression."®!*
The heterogeneous nature and immunogenic status of
the TME (cold or hot) can affect the outcome of cancer
immunotherapy.’ Various studies have demonstrated
that hot TME, which is associated with inflamed T
lymphocytes (T cells), high rates of mutation, and
neoantigens rather than cold TME (non-T cells inflamed,
lower mutation, and neoantigen) exerts effective response
rates to immunotherapy. Thus, turning cold tumors into
hot ones through modulation of the TME may induce a
better response to immunotherapy.

TLRligands canactivate APCsand induce Th1 (T helper)
type inflammatory response in TME leading to better
infiltration and function of anti-cancer immune effector
cells.”® The activation of TLR signaling on APCs enhances
their antigen presentation capacity, induces the expression
of co-stimulatory factors and Th1 inflammatory cytokines
such as IL-12. Thl inflammatory cytokines promote the
switching of CD4+ T cells from Th2 to Thl, enhance
CD8+ T cell responses, and inhibit Treg cell activity."”
Manipulation of TME by intratumoral TLR agonists
(acting as in situ vaccination) can induce local immune
response upon generation or expanding pre-existing
anti-tumor T cells. Combination of TLR agonists with
other therapies such as checkpoint inhibitors (CPIs) can
trigger both local and systemic immune responses leading
to significant clinical response to CPIs in the treatment
of metastasis lesions that show resistance to CPIs.>'®
Recent studies also show that combining TLR agonists
with some other immunotherapy approaches such as
cell-based immunotherapy can improve the effectiveness
of immunotherapy regimens in cancer patients.”® In
this paper, we have provided a comprehensive review of
preclinical and clinical data showing that TLR agonists can
improve the efficacy of various cancer immunotherapy
approaches in particular cancer vaccines.

Immunosuppression in TME is induced by various
types of cells including immunosuppressive macrophages,
tolerogenic DCs, innate lymphocytes, myeloid-derived
suppressor cells, (MDSCs), and Treg cells (Fig. 1)."” Among
the immunosuppressive cells, tolerogenic DCs play the
main role in the formation of an immunosuppressive
TME. Tolerogenic DCs suppress immune responses
against cancer and induce tolerance to cancer. Most
human cancers are shown to produce immunosuppressive
factors, promoting the activation of tolerogenic DCs,
which leads to the activation of Treg cells, known to play
a major role in the suppression of anti-cancer immune
cells.*® Tolerogenic DCs and Treg cells also produce a
high level of immunosuppressive factors, including IL-
10, TGF-B, and IL-35, which not only suppress the anti-
cancer function of immune cells such as Teff, NK (natural
killer) cells, and DCs but also induce the activation of
more immunosuppressive cells such as MDSCs in TME.
This vicious cycle of immunosuppression continues
and paralyzes every aspect of anti-cancer immune
responses.”** Targeting tolerogenic DCs is thought to be
a good way to break the cycle of immunosuppression in
the TME.

TLR signaling pathway and agonists

TLRs are the sensors of danger imposed by pathogens
or cellular damage. TLRs-expressed on APCs recognize
highly conserved molecules on invading pathogens known
as pathogen-associated molecular patterns (PAMPs). Viral
double-stranded RNA (dsRNA) and lipopolysaccharide
(LPS) are examples of PAMPs. TLRs also sense internal
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Fig. 1. Tumor microenvironment. There is reciprocal interaction between several types of immune cells and tumor cells. Pro-tumor immune cells induce tumor
cells growth through expression of many factors; in contrast, anti-tumor immune cells inhibit tumor cells growth and development.

Treg: regulatory T; TLRs: Toll like receptors; DC: Dendritic cell; Th-1: T helper cells; CTL: Cytotoxic T lymphocytes; PD-L1: Programmed death-ligand-1; GM-
CSF: granulocyte-macrophage colony-stimulating factor; IFN: Interferon-a; TNF-a: Tumor necrosis factor; NKC: NK cytotoxicity; FGF: fibroblast growth factor.

danger signals known as damage-associated molecular
patterns (DAMPs), which are produced from damaged and
stressed cells. Examples of DAMPs include high mobility
group protein Bl (HMGB), heat shock proteins (HSPs),
micro RNAs (miRNAs),” and deoxynucleic acid (DNA)-
nucleoprotein. Both types of danger signals activate DCs
and induce their functional maturation, which is required
for the activation of the adaptive immune responses.?**
Under normal physiological circumstances, potential
threats such as pathogens or cellular stress arouse the
innate immune system as a frontline of protection in which
DCs recognize PAMPs and DAMPs via PPRs. Engagement
of PPRs by PAMPs and DAMPs results in the maturation
of DCs which in turn activates T cells leading to the
initiation of the adaptive immune response.’® TLRs are the
most well-known type of PRRs and TLR ligands have been
widely studied as an adjuvant in cancer therapy. So far, 13
members of TLR have been identified, 10 of which exist in
humans. TLRs are expressed either on the endosomes or
on the cell surface of APCs. TLR3, 7, 8, and 9 are expressed
on the endosomes, and TLR1, 2, 4, 5, 6, and 10 are found
on the cell membrane.** TLR2, 4, and 5 are expressed
on the surface of APCs and their activation results in
antibody-mediated as well as cell-mediated immunity.”
On the other hand, TLR7 and TLRY are expressed in the
endosome and their activation mainly induces potent cell-
mediated immune responses.® Redecke et al compared
immune responses in mice immunized with a TLR2
agonist (Pam3Cys) or TLR9 agonist (ODN). Activation of
TLR2, in contrast to activation of TLR9, induced a great
Th2- mediated immune response. TLR2 increased serum
level of Th2-related effector molecules (IL-13, IL-1-f,

and granulocyte-macrophage colony-stimulating factor
[GM-CSF]) and decreased Thl-associated cytokines
(IL-12, interferon-gamma [IFN-y]), IL-18, IL-27).* In
another study, Didierlaurent et al demonstrated that TLR5
agonist (flagellin) in mice drives Th2-type immunity via
the up-regulation of IL-4 and IL-13 by CD4+ T cells and
downregulation of the Th1-promoting cytokine (IL-12).%
Dillon et al showed that administration of LPS (TLR4
agonist) to mice results in the maturation of DCs, which
mainly secret IL-12 and promotes Thl responses. In
contrast, Pam-3-cys (TLR2 agonist) elicits abundant IL-10
and less IL-12, which favors Th2 responses.*

Upon TLRs stimulation, the downstream signaling
pathways are activated leading to the initiation of adaptive
immune responses. TLRs are found on the immune cells
including DCs, macrophages, granulocytes, T and B cells,
NK cells, and mast cells as well as endothelial, epithelial,
and cancer cells.*> ** Stimulation of TLRs on immune
cells results in the activation of nuclear factor-kappa B
(NF-xB), mitogen-activated protein kinase (MAPK), and
phosphatidylinositol 3-kinase/protein kinase B (PI3K/
Akt) signaling pathway (Fig. 2 ).** The stimulation of
these signaling pathways leads to an up-regulation of
genes encoding IFN-I, a variety of pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a), IL-1,
IL-6, and IL-12, co-stimulatory molecules (CD40, CD80,
and CD86), chemokines (C-C motif chemokine ligand 2
(CCL2), CCL3, and CCL4) as well as anti-inflammatory
factors such as IL-10, prostaglandin E2 (PGE2), and
cyclooxygenase-2 (COX-2). These released factors trigger
maturation and activation of innate immune cells (DCs,
phagocytes, and NK cells) and adaptive immune cells (Teff
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Fig. 2. TLR activation and its downstream signaling pathways. TLR ligation
results in the activation of NF-Kb, MAPK, and IRF signaling pathway leading
to an up-regulation of genes encoding IFN-I, a variety of pro-inflammatory
cytokines such as TNF-a, IL-1, IL-6, and IL-12.

TLR: toll-like receptor; NF-kB: nuclear factor-kappa B; IRF: IFN regulatory
factor; IFN: interferon; TNF-a: tumor necrosis factor-a; TRIF: TIR-domain-
containing adapter-inducing IFN-B; TRAF: TNF receptor-associated factor;
MAPK: mitogen-activated protein kinase

and antigen-specific B-cells) leading to an inflammatory
environment. Each TLR has a distinctive pattern of
cellular expression and cytokine induction based on
its role in recognizing various types of pathogens.”*
Indeed, the specific functions of each TLR vary according
to the kind of ligand and cell.* Depending on the type
of involving TLR ligand, the response can have anti-or
pro-tumor effects.**>* Besides, recent researches have
reported that expression and regulation patterns of TLRs,
as well as TLRs genetic polymorphisms, are involved in
the outcomes of TLR treatment. Therefore, personalized
TLRs therapy has been investigated in many cancers such
as colorectal cancer (CRC).?® On the other hand, several
studies have shown that TLRs are expressed on different
cancer cells, such as lung cancer, colorectal cancer, ovarian
cancer, bladder cancer, melanomas, and renal cell cancer
cells. Stimulation of TLRs on tumor cells can directly
induce cancer cell death through apoptosis, autophagy,
and necroptosis.*

Among the immune cells expressing TLRs, DCs are the
well-studied cells in the context of TLRs signaling and the
effects of TLRs stimulation on the activation/polarization
of adaptive immune responses. DCs are central in the
orchestration of various forms of immunity and tolerance
in TME.* The mode of DCs maturation depends on the
type of DAMPs or PAMPs detected by TLRs, which in turn
determine the types of cytokines released by DCS. The
cytokine secreted has polarizing effects on the activation
of naive Th cells and their differentiation to Th1 or Th2
cells. For instance, while signals mediated by endosomal

TLRs such as TLR3, 7, and 9 result in the expression of
IL-12 and induction of Th1 cells, activation of TLR2 and
TLR5 induces the release of IL-4 leading to activation
Th2 responses. TLR2-driven Th2 responses result in up-
regulation of IL-10 and IL-6, inhibition of IFN-y and IL-
12 leading to proliferation and survival of Treg Cells.”*
Stimulation of TLR7 on DCs by guanosine analogs
induces both cellular and humoral immune responses
with antiviral ability via secretion of IL-12 and IFN-1.%%%

Growing evidence demonstrated that maturation and
differentiation of myeloid DCs (mDCs) are suppressed
in the TME* Numerous studies have shown that TLRs
signaling can restore the function of immunosuppressed
DCsand might be useful for reversing immunosuppression
in TME.** TLR ligands have been widely utilized as
adjuvants for the development of anti-cancer vaccines,
some of which have shown great success in the clinical
setting. Vo et al have demonstrated that TLR4 agonists,
such as Rv2299c (antigen derived from mycobacteria),
can be used as a potential adjuvant in DC-based vaccines,
which can generate a potent cellular immune response and
effective anti-tumor immunity in the TME. They showed
that administration of Rv2299c in combination with
tumor antigen (TA)-loaded-DC vaccine in CRC mouse
models leads to a remarkable reduction in the frequency
of suppressor cells such as MDSC and Treg cells as well as
an increase in the function of CTL and NK cells. These
effects were correlated with greater inhibition of tumor
progression in the mice treated with combination therapy
as compared with those treated with monotherapy alone.*
To date, Food and Drug Administration (FDA) has
approved three TLR agonists such as imiquimod (IMQ;
TLR7 agonist), bacillus Calmette-guérin (BCG; TLR4
agonist), and monophosphoryl lipid A (MPLA; TLR2/4
agonist) for treating skin carcinoma, bladder cancer,
and cervical cancer, respectively.” In this review, we will
present and discuss several lines of evidence, which show
that TLR agonists can restore the function of tolerogenic
DCs and reverse the immunosuppression in TME leading
to an improved therapeutic outcome in cancer.

TLR ligands and cancer therapy

During the last two decades, stimulation and activation of
DCs using TLR ligands have shown promising results in
cancer immunotherapy.* Each TLR has a specific potential
to modify T cell responses, which provide opportunities
for controlling and directing the adaptive immunity
during vaccination strategies and immunotherapies.’*
The timely introduction of TLR ligands to TME during an
immunotherapy procedure can maximize the functional
maturation of DCs and activation of anti-cancer immune
responses.* It has been shown that introducing TLR
agonists to APCs in TME prior to antigen encounter
may not be useful due to defective cross-presentation of
antigens by APCs and suppression of cross-priming in
premature APCs.* In this manner, the utilization of TLR
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ligands may be most effective at the appropriate time of,
or closely following the intratumoral release of cancer
antigens, which usually results from the killing of cancer
cells by CT or radiotherapy (RT).

Multiple lines of evidence show that TLR agonists are a
promising class of anti-cancer agents that induce effective
anti-cancerimmuneresponsesin TME. Modulationof TME
by TLR agonists has been found to enhance the infiltration
and functional activity of anti-tumor lymphocytes
in the TME.* Increasing studies have shown that the
administration of TLR agonists alone or in combination
with other therapies can successfully eliminate tumors
due to their powerful effects on initiation of innate and
adaptive immune responses in the TME.” TLR agonists
have been applied alone as adjuvants in cancer vaccines or
in combined with other conventional standard treatments
such as CT, RT, and other immunotherapies (e.g. CPIs).*
Administration of TLR ligands in combination with CT
and RT has been shown to enhance the growth-inhibitory
effects of them in the mouse cancer model.***” Preclinical
studies have shown that TLR agonists can augment anti-
tumor immune responses induced by RT and diminish
resistance to RT in numerous tumor types. TLR agonists
improve DC-mediated T cell priming after RT, which is
found to lead to the stimulation of systemic anti-tumor
immune responses and long-lasting memory in some
animal cancer models.*®

Research in the area of TLR targeting for cancer

TLR3
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Promote tumor growth
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Inducing humoral immunity
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Tumor progression effects:
Production of immunosuppressive cytoki
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Tumor inhibition effects:
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StimulationTh1cellular immunity.
Promoting tumor specific CD84cells,
Increasing Cross-presentation,
Induction humoral immunity
Shifting M2 macrophages to M1 phenotype,
Suppressingreg cells

oéé?ééoe)
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treatment has revealed that while TLR ligands have
anti-cancer effects in most cases, they might also have
tumorigenic effects in cancer settings (Fig. 3).* Some
studies have reported that TLR agonists can induce cancer
initiation and progression by cancer immune evasion
and supporting cancer cell survival.* The tumorigenic
effects of TLR stimulation are suggested to be more
evident in tumor initiation and development. Some
studies also show that some TLR agonists promote cancer
invasion, resistance to CT, and escape from the immune
system. Based on the well-known link between chronic
inflammation (bad inflammation) and cancer, it seems
that constitutive stimulation of TLRs and DCs activation
can result in chronic inflammation paving the path for
cancer initiation and development.’***! NF-kB pathway
activated via any TLR stimulation leads to activation and
recruitment of immune cells in the TME. Stimulation of the
NF-«B pathway can also cause accumulation of pro-tumor
and anti-apoptotic molecules such as vascular endothelial
growth factor (VEGF) and TNF-a in TME, which can
form a favorable environment for tumor development
and metastasis. Moreover, TLR agonists can also induce
metabolic reprogramming in DCs, which results in tumor
cell survival.” Besides the pro-tumor or anti-tumor effects
resulting from TLR targeting, might be dependent on the
type of targeted TLR and the cells expressing that specific
TLR. Recent studies have demonstrated that TLR signals
have a dual role sword on the MDSCs activity. It has

TLR4
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Promoting angiogenesis by inducing VEGF
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Induction DCs maturation and difrentiation
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Proliferation and migration of T cells
Recruiting of CD8+ T cells in TME

TLR9
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Inducing cancer metastasis via PI3BK/AKT pathway
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Fig. 3. Function of TLRs-expressed immune cells in TME. Immune cells depend on expressing TLRs and engagement with certain ligand can induce tumor

progression or inhibition.

mDC: myeloid dendritic cells; pDC: plasmacytoid dendritic cells; Treg: regulatory T; TLRs: Toll like receptors; DC: Dendritic cell; Th-1: T helper cells; CTL:
Cytotoxic T lymphocytes; TME: Tumor microenvironment; MDSC: myeloid-derived suppressor cells; TAM: tumor-associated macrophages; NK cell: natural

killer cells; ADCC: Antibody-dependent cellular cytotoxicity.
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been reported that TLR2 and TLR4 signaling can induce
the immunosuppressive activity of MDSCs in cancer. In
contrast to this report, other studies show that activation
of TLR3,7/8,and 9 decreases the MDSC frequency thereby
enhancing their antitumor effects. Sautés-Fridman et
al have demonstrated that stimulation of tumor cells
through TLR for viral ssRNAs or bacteria (TLR7/8 or
TLR4 agonists) improve cell viability and induces chemo-
resistance. On the other hand, stimulation of TLR3, the
receptor for dsRNA, diminishes tumor cell survival and
trigger chemosensitivity in some lung cancer cell lines.**
Given the reported dual effects of TLR targeting in
cancer, selection of the TLR agonist for targeting in
cancer greatly depends on the cancer type, stage, the
type of TLR and its downstream signaling pathway, the
type of cells expressing TLR, and the degree of tumor
immunogenicity.*** In recent years, the utilization of
synthetic TLR agonists as adjuvants to favorably stimulate
Th1 or Th2 immune responses has developed as truthful
therapeutic agents, especially for the development of

cancer vaccines against poorly immunogenic tumors.”
Promising results from preclinical studies using TLR
agonists both as monotherapy and in combination
with other anti-cancer therapy have led to the clinical
application of TLR agonists in patients with progressive
cancers. Several ongoing clinical trials are assessing TLR
agonists alone or in combination with different treatments
including CT, RT, targeted therapy, and immunotherapy
agents (Table 1). TLR 3, 4, 7/8, and 9 have the highest
therapeutic potential in the treatment of many diseases
as well as infections and cancer. The reported anti-cancer
effects of TLR3, 4, 7/8, and 9 agonists have been good
enough to make them used as immunotherapeutic agents
with robust potential in clinical oncology.>***

TLR3 targeting for cancer therapy

TLR3 is expressed in different types of immune cells
and TLR3 signaling induces cell-mediated immune
responses. TLR3 is expressed on endosomal membranes
in mDCs, as well as on both cell and endosomal surfaces

Table 1. Summary of the ongoing clinical trial with TLR3/4/7/9 alone or in combination with other therapies (2020)

TLR Ligand Cancer Combination No. clinical trial Phase Institute sponsor
Intratumoral FIt3L with Recruiting
3 Poly-ICLC Low-grade | h NCT01976585 Joshua Brod
Y suiERE e low-dose RT Phase I/I1 o B
Jonsson
Resiquimod DC inati dt Acti
3 esiquimo Brain tumors vaccination and tumor NCT01204684 cuve, Comprehensive Cancer
or polylCLC lysate-pulsed DC Phase Il
Center
R iti
3 Poly-ICLC Metastatic colon cancer Pembrolizumab NCT02834052 PEZ:&I I/Tlg Asha Nayak
R t ad d i Active,
3 Hiltonol ecurrent advanced ovartan Oregovomab NCT03162562 ctive OncoQuest Inc.
cancer Phase |
3 PolyICLC A.dvanced, me.asurable, Tremelimumab and IV NCT02643303 Recruiting Ludwig Institute for
biopsy-accessible cancers Durvalumab Phase I/Il Cancer Research
i .D.
7 MGN1703 Advanced solid malignancies Ipilimumab NCT02668770 Active, M.D. Anderson Cancer
Phase | Center
7 SHR2150 Un.resectable/ metastatic CcT ?Ius PD-1 or CD47 NCT04588324 Recruiting Chlnejse PLA General
solid tumors antibody Phase | Hospital
Hepatocellular, biliary tract .
RO7119929 R ti
7 cancer, secondary liver Tocilizumab NCT04338685 PEZZI:I ne Hoffmann-La Roche
cancer, liver metastases
R iti Chi PLA G |
7 SHR2150 solid tumors Anti-cancer agent NCT04588324 ecruiting inese enera
Phase I/l Hospital
. . Recruiting Sumitomo Dainippon
7 DSP-0509, Advanced solid tumors Pembrolizumab NCT03416335
Phase I/1l Pharma Oncology, Inc
Standard of C PD-1 R iti
7 Imiquimod Advanced solid tumors andard ot t.are NCT04116320 ecruiting Craig L Slingluff, Jr
Therap Phase |
- BNT411 Solid tumor, extensive-stage Atezoll;umab, carboplatin, NCT04101357 Recruiting BioNTech Small
small cell lung cancers etoposide Phase I/ll Molecules GmbH
R iti Chia Tai Ti i
7 TQ-A3334 Non-small cell lung cancer Anlotinib NCT04273815 ecruiting fa al |an.q|ng
Phase I/ Pharmaceutical Group
- BDC-1001 Adyanced HER2-expressing Pembrolizumab NCT04278144 Recruiting Bolt Biotherapeutics,
solid tumors Phase I/l Inc.
High-grad ical Acti National C
7 Imiquimod . - gr.a € .cerwca . Topical fluorouracil NCT03196180 N é .ona ancer
intraepithelial neoplasia Phase | Institute (NCI)
Locally advanced or
B Idesleuki R iti
7 NKTR-262 metastatic solid tumors .empega esteukin, NCT03435640 ecruting Nektar Therapeutics
nivolumab Phase /11

malignancies
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Table 1. Continued

TLR Ligand Cancer Combination No. clinical trial Phase Institute sponsor
High- ical Acti Nati I1C
7 Imiquimod . . gr.ade .cerwca . Topical fluorouracil NCT03196180 A 2 .ona ancer
intraepithelial neoplasia Phase | Institute (NCI)
URLC10-177 and TTK-567 Unk Waki Medical
9 CpG7909 Esophageal cancer ; an NCT00669292 nknown akayama Medica
peptide vaccine Phase I/ll University
. INCAGN01949 (an . .
P ti d oth Not yet U ty of South
9 CMP-001 ancrearic cancer and other . ating antibody against NCT04387071 v MR 1 (G S
melanoma Recruiting California
0X40)
Solid T Idera Ph tical
9 Tilsotolimod (I(I).LIUMUI?:'II:Z—ZOG) Nivolumab and Ipilimumab NCT03865082 Recruiting Ins.ra armaceuticats,
. . - Gustave Roussy,
Patients with ad d Ipil b and !
9 Tilsotolimod atients with acvance priimuma an. NCT04270864 Recruiting Cancer Campus, Grand
cancers Intravenous Nivolumab .
Paris
9 <D-101 CT—Refrat?tory Metastatic Nivolumab, radiation NCTO4050085 Recruiting Un|.ver5|.ty of .
Pancreatic Cancer therapy Phase | California, Davis
9 DUK-CPG-0p1  MYeloid or lymphoid NK cell enriched-DLI NCT02452697 Recruiting David Rizzieri, MD
malignancies Phase Il
| ible elect ti R iti VU Uni ity Medical
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in macrophages, fibroblasts, and epithelial cells. TLR3
recognizes virus-derived dsRNA, small interfering RNAs
(siRNA), and self- RNAs derived from injured cells.”
TLR3 signals through a myeloid differentiation primary
response 88 (MyD88)-independent pathway resulting in
the activation of NF-kB, IFN regulatory factor3 (IRF3),
and activator protein-1 (AP-1). Stimulation of the MyD88-
independent signaling pathway leads to the secretion of
cytokines (IL-6, TNF-a, and IL-12) and IFN-I (especially
IFN-f), which in turn leads to the initiation of cellular
immune responses. While most of PRRs induce systemic
IFN/cytokinemia upon activation, TLR3 stimulation
mainly results in local inflammation.””*® TLR3 ligands
act as inducers of cellular immune responses through
activation of mDCs which in turn stimulate NK cells and
CTLs.”

TLR3 agonists
Over the last two decades, a few synthetic ligands for
TLR3 have been developed. The ligands developed for

TLR3 are the synthetic analog of dsRNA which include
polyinosinic-polycytidylic acid (poly I:C; Ampligen),
polyadenylic:polyuridylic ~ (polyA:U), and ARNAX,
which consists of DNA-capped dsRNA. The poly-ICLC
(Hiltonol) is an analog of poly I:C that has been made
stable with poly-l-lysine and carboxymethylcellulose
and it is resistant to nucleases. Poly-ICLC stimulates
the release of cytotoxic cytokines and induces IFN-y
production, which in turn can increase the tumoricidal
activity of various immune cells.**S' Moreover, another
nontoxic analog of Poly I:C is Poly I:C which boosts anti-
tumor immunity through stimulation of effective NK and
T cell responses.® Poly I.C has shown promising effects
when it is administered single or in combination with
other agents in both human malignancy and murine
tumor models.®%* The poly I:C has favorable safety, and
immunogenicity profiles as well as a robust record in the
production of type-I IFNs/cytokines.®® Poly I:C induces
mDC-NK reciprocal activation by cell-to-cell contact.®*
Moreover, it has been shown that poly I:C engagement
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to TLR3 on tumor cells cause cancer cell apoptosis and
provides an anti-tumor IFN-I rich environment.®'

In the context of DC-priming, targeting TLR3 is
considered a promising approach for the stimulation of
anti-tumor CTL responses.”® ARNAX (TLR3-specific
ligand) is a non-inflammatory DC-priming adjuvant that
induces local cytokine release effectively and activates
DCs for cross-priming of CD8+ T cells. Combination
therapy using ARNAX combined with tumor-associated
antigens (TAAs), triggers tumor-specific CTL without
systemic cytokine production, modulates the TME to
establish Thl-type anti-tumor immune responses, and
inhibits tumor growth without systemic inflammation in
mice carrying EG7 (OVA expressing T lymphoma) and
MOS5 (melanoma) tumors.’®>% Therefore, TLR3 agonists
may represent advanced adjuvants for anti-cancer therapy
and serve as safe means of enhancing this strategy in the
clinic.57¢8

Four main characteristics of TLR3 signaling make it a
promising target for cancer therapy: (i) TLR3 is highly
expressed in various types of human cancers and TLR3
agonists directly kill TLR3-expressing cancer cells, (ii)
TLR3 is mainly expressed in cross-presenting DCs and
triggers cross-priming of endogenous antigens leading to
induce robust CD8+ T cell responses, (iii) TLR3 agonists
induce the expression of chemokines that attract Thl,
CD8+ and NK cells, (iv) TLR3 is expressed on NK cells
and TLR3 agonists increase the anti-cancer function of
NK cells.*"*

TLR3 activation results in anti-cancer effects through
various mechanisms. It has been shown that stimulation
of TLRs improves the intratumoral infiltration of
preexisting tumor-reactive CTLs and converts tumor-
associated macrophages (TAMs) from an M2- to an M1-
like phenotype.”> Also, the endogenous human TLR3 in
cancer cells exert direct pro-apoptotic activity.”” TLR3 is
also shown to contribute to the processing of antigens
derived from apoptotic cells and their presentation to
CD8+ T cells.”" Besides TLR3 agonists bind to TLR3
expressed on DCs, which results in the maturation of
DCs and cross-presentation of TAAs leading to the
activation of cancer-specific CTL." TLR3 deficiency
has been reposed to result in the development of T cell
leukemia and increased tumor growth in prostate mice
model cancer.” A preclinical study has shown that TLR3
induces apoptosis in lung cancer cell lines upon caspase-3
activation.”! Another study has shown that the targeted
delivery of TLR3 agonists to tumor cells induces IFN-I
expression and apoptosis in cancer cells resulting in
tumor regression in the HT1376 xenografts immune-
deficient mice model.”” Clinical studies have shown high
intratumoral TLR3 expression levels in hepatocellular
carcinoma (HCC) patients are associated with prolonged
survival.® On the one hand, TLR3 expression on lung
cancer patients is associated with a good prognosis.”!
While TLR3 signaling predominantly stimulates anti-

tumor immunity and results in anti-cancer effects, some
limited research has reported that TLR3 agonists can
enhance the viability of tumor cells and increase their
resistance to CT.””?

TLR3 combination therapy

TLR3 agonists have been used alone or in combination
with other anti-cancer agents in cancer treatment.”
Chemo-immunotherapy with a TLR3 agonist (poly I.C)
and low-dose cisplatin has been shown to down-regulate
drug transporters (e.g., permeability glycoprotein (P-
gp) and multi-drug resistance-1 (MRP-1). Poly I.C and
cisplatin combination therapy were found to increase the
cytoplasmic level of cisplatin and to significantly augment
cisplatin-induced cell death which was dependent on the
TLR3 signaling pathway. In a similar preclinical study the
pretreatment of oral squamous cell carcinoma (OSCC)
mice model tumor with poly I:C, sensitized them to
the low dose cisplatin-based CT. The polyI-C-cisplatin
regimen was found to significantly decrease the number
of MDSCs, TAM, and cancer-associated fibroblast (CAF)
in TME, leading to tumor regression and alleviating
adverse events (AEs).”* Application of TLR3 agonists with
a TLR9 agonist (CpG: 5'-cytosine-phosphate-guanine-3')
combined with adoptive T cell transfer (ACT) resulted
in a significant increase in the frequency of neutrophils,
macrophages, NK cells, B cells, CD4+ and CD8+ T cells in
tumor-draining lymph nodes. This combination therapy
augmented the eradication of murine melanoma cells,
which led to the improvement of survival in tumor-bearing
mice up to two-fold as compared with untreated mice (9
vs. 18 days).*” In vitro and in vivo studies have shown that
combining the poly-ICLC with sorafenib (an oral multi-
kinase inhibitor) could control HCC tumor growth. This
combination therapy increased apoptosis and reduced the
proliferation of HCC cell lines. In HCC mouse models,
poly-ICLC and sorafenib combination therapy enhanced
tumor cell apoptosis and host immune responses in the
TME compared with monotherapy or phosphate-buffered
saline (PBS)-treated controls. Remodeling of TME as a
result of poly-ICLC with sorafenib combination therapy
was characterized by local activation of NK cells, T cells,
macrophages, and DCs as well as decreased expression of
PD-1 and PD-L1 in tumor-infiltrating CD8+ T cells and
tumor cells.”

Preclinical studies

Animal model investigations have shown that TLR3
agonists augment the therapeutic efficacy of anti-cancer
drugs by modulation of immunosuppression in TME.
It has been shown that poly I:C and poly-ICLC trigger
powerful tumor-antigen specific CTL, NK, and natural
killer T cell (NKT) immune responses leading to tumor
regression and long-term survival of tumor-bearing
mice.® Treatment of Lewis lung carcinoma (LLC) tumor-
implant mice with poly I:C lead to tumor reversion not
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only by mDCs maturation for cross-priming and NK
cells activation but also by promoting M1 macrophages
polarization.” Recently Roselli et al reported that poly
A:U delays tumor growth and improves survival in various
mice cancer models. Poly A:U switches the immune-
suppressive  TME to anti-tumor immunity through
changes in TME composition in favor of antigen-specific
CD8+ granzyme B+ T cells (lower Treg/CD8+ cells ratio).”
Damo M. and colleagues demonstrated that poly I:C is a
promising TLR agonist for induction of DCs functional
maturation required for induction of cellular immune
responses against cancer. Intradermal administration of
poly I:C-based Dexo (DC-derived exosomes) vaccine to
B16F10 tumor-bearing mice was found to significantly
inhibit the growth of B16F10 tumors and enhance
prolonged survival of the mice as compared with the
control groups. Further analysis showed that vaccination
of tumor-bearing mice with Dexo, composed of DCs
loaded with melanoma tumor antigens along with poly
I:C, induces strong activation of tumor-specific CD8+ T
cells and tumor infiltration of CTL, NK, and NK-T cells to
the TME, as compared with the group treated with Dexo
(B16) or Dexo (pIC) alone.? Other studies show that TLR3
agonists not only cause DCs maturation but also induce
PD-L1 trafficking to the cell membrane and limit T cell
activation through the prevention of contact between DCs
and T cells. These findings suggest that combination TLR3
agonists with PD-L1 blocker can increase the efficacy of
cancer immunotherapy.*'

Clinical trials
Clinical studies show that TLR3 targeting is a promising

Table 2. Clinical applications of TLR3 agonists in cancer immunotherapy

approach to treat human cancer (Table 2). Several studies
have shown that administration of poly A:U and poly-
ICLC in cancer patients significantly enhance NK cell
cytotoxicity and increase the levels of IFN and NK cells.”s*°
Kyi et al investigated immune responses of treatment with
intratumoral followed with intramuscular poly-ICLC in
recurrent metastatic patients (head and neck squamous
cell cancer and melanoma) with prior systemic therapy
failed. The poly-ICLC was well tolerated in the patients
with general AEs at the injection site. In the patients with
clinical benefit, the frequency of CD4+, CD8+, PD-1, and
PD-L1 in TME increased compared with patients with
advanced disease. In addition, gene expression associated
with chemokine activity, T cell stimulation, and antigen
presentation in tumor and peripheral blood mononuclear
cells (PBMC) were higher in the responded patients
compared with the non-responded group. These findings
show that poly-ICLC induces both local and systemic
immune responses.®’ Salazar M.A. and colleagues
reported that sequential intratumoral and intramuscular
administration of poly-ICLC induces in situ vaccination
in a patient with rhabdomyosarcoma, who failed CT
and radiotherapy. This regime induced local tumor
inflammation and systemic immune response that caused
a significant reduction in a facial tumor. Their findings
showed that the regression in tumor results from the
activation of both local and systemic anti-cancer immunity
induced by intratumoral and intramuscular injection of
poly-ICLC. Based on their model, intratumoral injection
of poly-ICLC causes the release of tumor antigens from
the cells that died by the innate immune system, leading
to the maturation of DCs and induction of Thl immune

No. of

TLR A ist Combinati C t R Ref./Th
gonis ombination samples ancer type esponse ef./The year
3 Poly(A:U) - 40 Breast cancer Enhancing level of 2-5A synthetase and NKC 78(1985)
28
ALL, ANLL
3 Poly-ICLC - 10 ! § Increasing the levels of IFN 79(1985)
Neuroblastoma
13
5
6 Colorectal, melanoma,
renal cell, mycosis Enhancing lytic NK activity and increaseing the
3 Poly-ICLC IL2 5 80(1992
ol 1 fungoides, other solid number of CD56* cells ( )
t
8 umors
NY-ESO-1 and
3 Poly-ICLC . an 28 Ovarian cancer Increasing antibody, CD4+ and CD8+ T-cells 84(2012)
Montanide
3 Poly-ICLC Autologous DC 12 Pancreatic cancer Induction of tumor specific CD8+T cell population 2 (2017)
7 Head and neck, Local and systemic immune responses through
3 Poly-ICLC 1 squamous cell cancers,  augmentation CD4+, CD8+ T cells, PD1, and PD-L1 8! (2018)
melanoma levels
Montanide and Induction of robust humoral and cellular immune
Poly-ICL 4 Mel 85(202
3 oly-IcLe NY-ESO-1 elanoma responses specific for NY-ESO-1 e
Poly-ICLC IFA, melanoma Safe and effective vaccine adjuvants associated
4 1 Mel 6 (201
3or or LPS peptides and Tet > elanoma with IFA (2019)

Abbreviation: ALL: acute lymphoblastic leukemia; ANLL: acute nonlymphocytic leukemia; DC: Dendritic cell; PD-L1: Programmed death-ligand-1; IFA:
Incomplete Freund’s adjuvant; Tet: tetanus helper peptide; IFN: Interferon-a; NKC: NK cytotoxicity; Poly(A:U): Polyadenylic:polyuridylic (polyA:U); Poly-
ICLC: poly-I-lysine and carboxymethylcellulose; LPS: Lipopolysaccharide; NY-ESO-1: New York esophageal squamous cell carcinoma 1.
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responses. Their findings suggest that intramuscular poly-
ICLC maintenance therapy is responsible for systemic
anti-tumor immune response through induction of
chemokine, co-stimulators, inflammasome formation,
and an increase in the Teff/Treg cells ratio.*? Several
studies have shown that administration of poly-ICLC
with DC-based immunotherapy is safe and rapidly
develops significantly higher, quick, and numerous
antibody and T cell responses than vaccination alone
or without adjuvant.®®% Mehrotra S. and colleagues
have demonstrated that intradermal injections of
peptide-pulsed DC vaccines (human telomerase reverse
transcriptase  (hTERT), carcinoembryonic antigen
(CEA), survivin (SRV.A2) followed immediately with
intramuscular administration of poly-ICLC, was well
tolerated in pancreatic cancer patients. This combination
therapy triggers DCactivation and enhances the expansion
of tumor-infiltrating lymphocytes (TILs). Pre- and post-
DC vaccination analysis of peripheral blood revealed that
more than half of the DCs up-regulated CD80, CD86, and
HLA-D (Human Leukocyte Antigen - DR isotype) without
significant alteration between the overall B, NK, and T
cells subsets. Half of the patients who completed the study,
exhibited stable disease, while the others experienced the
developing disease. Patients with stable disease showed a
little increase in IFN-y via specific antigen stimulation and
effective formation of antigen-specific T cells. The median
of progression-free survival (PES) and overall survival
(OS) was 3 and 7.7 months, respectively.*> Melssen et al
reported vaccination with melanoma antigen combined
with TLR agonists (poly-ICLC or LPS) plus incomplete
Freund’s adjuvant (IFA) is safe and trigger effective and
robust CD8+ T cell immune responses in melanoma
patients. The frequency of IFN-y-secreting cells was
significantly higher with the inclusion of IFA compared
with the use of TLR agonists alone. IFA augmented CD8+
T cell responses to peptide vaccines when associated with
TLR agonists (72% vs. 18%). All patients enrolled in the
study, experienced high OS and disease-free survival
(DES).®* Sabbatini et al evaluated the immunogenicity
of overlapping long peptides (OLP) from cancer-testis
antigen NY-ESO-1(New York esophageal squamous cell
carcinoma-I) in combination with plus Montanide (as
oil adjuvants for human vaccines) and poly-ICLC in
patients with progressive ovarian cancer. The vaccine was
generally well-tolerated and NY-ESO-1-specific CD4+T
cells were detected in all studied patients. Administrating
of OLP alone did not show CD8+T cell response. The
level of NY-ESO-1-specific antibody and CD8 +T cells
in OLP, Montanide, and poly-ICLC vaccinated patients,
where more than that in the patients treated with OLP and
Montanide (62% vs. 91%). These results suggest that poly-
ICLC further augmented the initiation of specific immune
responses against NY-ESO-1.# In a similar study, Pavlick
et al have shown that vaccination of melanoma patients
with a vaccine composed of NY-ESO-1 protein and poly-

ICLC with or without Montanide was safe and well-
tolerated. The vaccine regimens increased the serum level
of NY-ESO-1-specific CD4+ T cell and antibody titers
in all the vaccinated patients. NY-ESO- 1-specific CD8+
T cell levels in blood circulation were higher in patients
vaccinated with NY-ESO-1, poly-ICLC, and Montanide as
compared with what was observed in poly-ICLC alone.®
The results of clinical studies using TLR3 agonists in
several human cancers have suggested TLR3 ligands as
promising agents for future anti-cancer therapy.”

In summary, TLR3 agonists act as safe adjutants for
cancer immunotherapy with low AEs. These agonists
exert direct and indirect anti-cancer effects through
induction of apoptosis in tumor cells and stimulation of
the effector immune system, respectively. TLR3 ligands
remodel immune components of TME in favor of tumor
growth suppression leading to tumor regression and
survival enhancement. Finally, TLR3 agonists have been
shown to improve the therapeutic efficacy of tumor
chemotherapeutic and immunotherapeutic agents in
preclinical and clinical studies.

TLR4 targeting for cancer therapy

TLR4 is the first known member of the TLR family that
is expressed in various types of immune cells. TLR4
specifically recognizesbacterial toxin LPS and several other
endogenous molecules (i.e DAMPs) which are produced
during tissue damage.”>* TLR4 is highly expressed on
immune cell membranes such as DCs, macrophages,
and lymphocytes. TLR4 is poorly expressed in epithelial
and endothelial cells.”* TLR4 ligands have been shown to
activate various intracellular pathways including NF-«B,
AP-1, PI3K/Akt, and the MAPK signaling pathways.*”
Among TLRs identified to date, TLR4 is the only TLR,
which is found to activate two distinct signaling pathways
(MyD88 and TRIF (TIR-domain-containing adapter-
inducing IFN-B) dependent pathways) leading to the
production of both pro-inflammatory cytokines (IL-1P
and TNF-a) and IFN-I, respectively. Besides, TLR4 is the
only known cell surface PRR that is capable of inducing
the secretion of IFN-1.88%

Several studies show that DAMPs play an important role
in activating TLR4 in TME.*® TLR4 is found to promote
sterile inflammation upon interaction with a diverse range
of endogenous molecules (DAMPs) including HSPs,
extracellular matrix degradation products, HMGB-1,
and minimally modified low-density lipoprotein (LDL),
which are often released or exposed to immune cells by
the cells undergoing death or stress. These endogenous
molecules are also extensively released by tumor cells
dying as a result of RT and/or CT.”* Fang et al found
oxaliplatin (OXA) and/or 5-fluorouracil (5-Fu) treated-
CRC cells release high levels of DAMPs (i.e HMGBI1
and HSP70). DAMPs promote mouse and human DCs
maturation through up-regulation of HLA-DR, CD80 and
CD86 receptors, IL-1f, and TNF-a. Therefore, DAMPs

270 | Biolmpacts, 2022, 12(3), 261-290



Recent advances in cancer immunotherapy

released from chemically stressed tumor cells can remodel
TME through DCs activation via TLR4 leading to the
development of an anti-tumor T cell immune response.®
Several studies have reported that the frequency of TILs
correlates with the production of HMGBI by tumor cells.”
It has been suggested that the fundamental mechanism
might be correlated to the activation of TLR4 by HMGB1
in TME.” These findings show that the combination of
TLR4 agonists with chemotherapeutic agents can induce
synergistic anti-cancer effects and reduce cancer relapse
due to the induction of anti-cancer immune responses.”*

In contrast to the numerous studies reporting the anti-
cancer effects of TLR4 stimulation, some evidence shows
pro-tumor effects resulting from TLR4 activation.”>*>%’
Thus many consider TLR4 activation in tumor and
immune cells as a "double-edged sword".*>*® While the
activation of the TLR4 on immune cells triggers anti-
tumor immune responses, the stimulation of TLR4
expressed on tumor cells has shown different effects in
various cancers. Stimulation of TLR4 has pro-apoptotic
activity on gynecological cancers, but in lung and CRC
cells, it induces immunosuppressive cytokines and
apoptosis resistance.”'® Ou et al have hypothesized
that administration of long-term low doses of TLR4
ligands (endogenous or microbial) induces tumor growth
(prostate) whereas injection of a single high dose of
TLR4 enhances antigen-specific anti-tumor immune
responses.'” In another study, Chen et al have reported
that in bone marrow (BM) precursor cell cultures,
prolonged stimulation of TLR4 with MPLA results in
defective DCs differentiation, and accumulation of
MDSCs. The expression of immunosuppressive cytokines
such as IL-10 increased and a decrease in the level of Th1l
inflammatory cytokines such as IL-6, IL-12, and TNF-a
was observed. In a wild-type mice model study, prolonged
stimulation of TLR4 by intravenous injection of MPLA
increased the number of MDSCs while short stimulation
by TLR4 down-regulated the percentage of MDSCs in the
spleen.'® Other pro-tumor effects of TLR4 are found to
be through its role in the induction of angiogenesis which
is suggested to be mediated by HMGB1.” Some tumor-
secreted growth factors such as TGE, VEGE, PDGEF, and
EGF have been found to act as TLR4 ligands, which has
been associated with remodeling of TME in favor of
tumor progression.’” Another study has reported that
endogenous TLR4 ligands such as MMP2 can promote
tumor growth through a change in the composition of
immune cells in TME.!® The pro-tumor effects reported
for TLR4 stimulation have made the use of TLR4 ligands
for cancer immunotherapy a challenge where the scientists
try to find strategies to eliminate the possible tumor-
promoting effects of TLR4 ligands.'®

TLR4 agonists
Over the last two decades, numerous TLR4 ligands have
been developed and evaluated for the induction of immune

response. The best-characterized ligands developed for
TLR4, are LPS, MPLA, BCG, and glucopyranosyl lipid
A (GLA).** Among the developed TLR4 ligands, MPLA
has been approved by the FDA for use as an adjuvant
in Cervarix® (prophylaxis of human papillomavirus
(HPV)-associated cervical cancer), Fendrix® and
SuperVax® (hepatitis B vaccines), and Pollinex® (an
allergy vaccine). BCG is also approved for the treatment
of bladder carcinoma.”'”!% TLR4 ligands induce DCs
maturation as indicated by the overexpression of several
cell membrane markers including CD40, CD86, HLA-
DR, and CD83* promote cell-mediated immunity.'®
LPS is the first microbial component identified as a
TLR agonist and its efficacy as a vaccine adjuvant has
been shown in preclinical models.®*'* LPS cannot be
used in clinical applications due to toxicity. MPLA and
GLA are nontoxic derivatives forms of LPS, which can
activate TLR4 ligands and are used in clinical studies.">'
Several studies show that MPLA induces a robust Th1-
polarized inflammatory response leading to cell-mediated
immunity.""! Hamdy et al showed that vaccination of
mice bearing melanoma with TLR4 ligand (7-acyl lipid
A) plus tyrosinase-related protein 2 (TRP2), melanoma
antigen, encapsulated in poly (lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs) induce anti-tumor responses
can break immunotolerance to cancer-associated self-
antigens. Vaccine-induced activation of TRP2-specific
CD8+ T cells secreting IFN-y at lymph nodes and spleens
in the vaccinated mice. Immunization with TRP2/7-
acyl lipid A-NP increased the level of pro-inflammatory
Th1- related cytokines including IFN-a, TNF-y, IL-6, and
IL-2 and decreased the level of VEGF compared with the
control group. Variation in the level of pro-inflammatory
cytokines induced immunostimulatory TME and reduced
growth of tumor compared with the control group.'?
In another study, they reported that vaccination of
transgenic mouse model (DO11.10) with ovalbumin
(OVA) and MPLA encapsulated in PLGA-NP lead to DC
maturation/activation and induction of CD4+ and CD8
+T cells expressing activation/memory markers.” GLA is
a synthetic non-toxic analog, which is shown to induce
full maturation of DCs and Thl differentiation.'*!®
Induction of cellular immunity is of great importance in
active immunotherapy of cancer, therefore TLR4 ligands
are considered to be a promising class of adjuvants for the
development of cancer vaccines.'"

TLRA4 ligands as an adjuvant for cancer vaccines

The potential of TLR4 ligands as an adjuvant for cancer
vaccines has been shown in many preclinical studies.?”
Lee et al reported that a TLR4 agonist named Rv0652 (50S
ribosomal protein from mycobacterium tuberculosis)
can significantly improve the therapeutic efficacy of DC-
based tumor immunotherapy. In vitro study showed that
Rv0652 induces DCs activation, and pro-inflammatory
cytokine secretion (TNF-a, IL-1B, and IL-6). Activated
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DC:s polarize naive T cells toward IFN-y secreting Th cells
and induces T cell-mediated-cytotoxicity. Immunization
of E.G7 thymoma model mice with Rv0652-stimulated
OVA-pulsed DCs induces an antigen-specific CD8+ T cell
response resulting in suppression of tumor growth, and
prolonged survival.''® It has been shown that NPs loaded
with lipooligosaccharide (LOS) and plant pathogen
Xanthomonas campestris pv. campestris (Xcc) (as TLR4
agonist) induce antigen-specific CTL effector and
memory responses against highly aggressive and poorly
immunogenic murine melanomas. Importantly, anti-
tumor-specific immune responses with co-treatment of
LOS and TLR4 agonists are augmented when they are used
in combination with PD-L1 blockers.'®® Albershardt et al
showed that the TLR4 agonist, GLA (G100), prompted a
general expansion in effector cells including T cells and
NK cells, macrophages, DCs, and tissue-resident memory
cells. Intratumoral administration of G100 with ACT in
melanoma or glioblastoma (GBM) mice models caused
complete tumor eradication compared with control
animals. Anti-cancer effects of GLA and ACT combination
therapy was associated with a significant escalation in the
infiltration of Teff cells in TME.!"”

Preclinical studies

Various animal model studies have shown that TLR4
ligands can turn immunosuppressive TME into an
immune-supportive one and significantly improve the
therapeutic outcome of cancer vaccines.'”!'® We have
reported that intratumoral administration of MPLA in
combination with a signal transducer and activator of
transcription 3 (STAT3) inhibitory molecule significantly
reduces immunosuppression in TME leading to an
enhancement in intratumoral infiltration of T cells with
activation/memory markers in the mouse melanoma
model.'” In line with our observations, it has been shown
that the administration of DC vaccine with LPS leads to
a significant up-regulation of NK cells and a remarkable
decrease of Treg cells in TME in the ovarian cancer mice
model."”® This study showed no significant survival
benefits in the mice treated with DC vaccine and LPS
combination therapy compared with the mice of the DC
mono-treated group. Davis et al also showed that the
intratumoral injection of LPS formulated into GVAX
(TEGVAX), induces an efficient anti-tumor response
in B16, CT26, and SCCFVII/SF tumor-bearing mice. A
significant expansion in the intratumoral infiltration of
tumor-specific CTL, CD4+, and CD8+ T cells as well as
an enhanced level of DC activation in the local draining
lymph nodes, were observed in the mice received TEGVAX
as compared with the control (PBS) and the GVAX treated
tumors. The tumor growth rate in the mice treated with
TEXVAX was found to be significantly lower than that
in the mice who received GVAX alone. Intratumoral
TEGVAX caused tumor regression in 40-60% of CT26
bearing mice, which then rejected subsequent challenges

with CT26, indicating the induction of long-lasting
immunity to this type of cancer. In all three murine
models, the reduced tumor growth rate correlated with
enhanced survival of the mice treated with TEGVAX
as compared with the GVAX group.'” In another study,
Rommelfanger et al have shown the combination of LPS
with intratumoral VSV (oncolytic vesicular stomatitis
virus) significantly improves the anti-tumor efficacy of
VSV through activation of different components of innate
immunity including increasing serum levels of TNF-a
and IL-6."* Interestingly, it has been also shown that
intravenous administration of MPLA, CpG, and LPS can
potentiate the anti-tumor activity of ACT in melanoma
mouse models.'*

Clinical trials
The potential of TLR4 agonists for cancer immunotherapy
has been shown in several clinical studies (Table 3).
Isambert et al showed intravenous administration of OM-
174, an analog of lipid A, was well tolerated with general
reaction and without limiting toxicity in patients with
different metastatic solid tumors. OM-174 increased the
frequency and activity of NK cells in patients receiving
OM-174 at high and repeated doses. Increased serum
levels of IL-8 and IL-10 and the reduced level of TNF-a and
IL-6 over time after each injection of OM-174, suggest the
induction drug tolerance in these patients.'” In another
clinical trial, Neidhart et al reported immunization of
metastatic CRC (mCRC) patients with subcutaneous
injections of the recombinant baculovirus-derived KSA
(KSA; Epithelial cell adhesion molecule (EpCAM)) vaccine
formulated with MPLA in the liposomal emulsion. This
combination was shown to be safe and was well-tolerated
without significant local reactions. This regime was found
to trigger significant KSA-specific humoral and cellular
immune responses associated with lymphoproliferation
and IFN-y expression. Co-administration of recombinant
GM-CSF (rGM-CSF) with recombinant baculovirus-
derived KSA vaccine augmented generating KSA-specific
Th1 associated cellular immune responses. In this trial,
no patient manifested a clinical response perhaps due to
insufficient cellular immune response.'** Intratumoral
injection of G100 in patients with Merkel cell carcinoma
(MCC) with/without RT was durable and increased
expression of pro-inflammatory genes and activated CD8+
and CD4+ T cells in the TME which lead to local tumor
regression.'? Mahipal et al investigated immune response
in patients with solid tumors expressing NY-ESO-1 who
were treated with G305, a recombinant NY-ESO-1 protein
vaccine, mixed with GLA in a stable emulsion (SE). This
regime was safe and tolerable at all doses of GLA-SE (2-10
ug). Overall, vaccination increased antibody response to
NY-ESO-1 and CD4+/CD8+ T cell immune responses in
the systemic circulation of patients.'?

Briefly, TLR4 agonists induce anti-tumor effects through
stimulation of immune effector cells, thereby remodeling
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Table 3. Clinical applications of TLR4 agonists in cancer immunotherapy

No. of
TLR  Agonist Combination Cancer type Response Ref./The year
goni i samples yp p /They
4 MPLA GM-CSF 11 Colorectal cancers Specific antibody and cellular immune responses 124 (2004)
| ing NK cell ivity, IL-8, IL-1
4 OoM-174 - 17 Metastatic solid tumor oo "8 N Cells number' and activity, IL-8, IL-10, 123 (2013)
TNF-a, and IL-6 concentration
. . Increasing expression of pro-inflammatory genesand
4 G100 Radiotherapy 10 Merkel cell carcinoma activated CDS+ and CD4+ T cells in the TME (2019)
4 GLA Recombinant NY- 12 Solid tumors Increasing antibody response to NY-ESO-1 and CD4+/ (2019)

ESO-1 vaccine

expressing NY-ESO-1

CD8+ T-cell responses in systemic circulation

Abbreviation: GM-CSF: granulocyte-macrophage colony-stimulating factor; TNF-a: Tumor necrosis factor; MPLA: Monophosphoryl lipid A; GLA:
glucopyranosyl lipid-A; NY-ESO-1: New York esophageal squamous cell carcinoma 1.

TME for better activation and function of anti-cancer
immune responses. TLR4 agonists have been reported to
enhance the therapeutic efficacy of other cancer treatment
modalities including chemotherapy, radiotherapy, and
some immunomodulatory agents (i.e anti-STAT3 drugs).
While many studies have shown the anti-cancer effects
induced by activation TLR4 expressed on immune cells,
findings on stimulation of TLR4 agonists on cancer
cells are conflicting showing both pro-tumorogenic and
antitumor activity. The direction of the response may
be related to the type of cancer and/or dosing of TLR4
agonist.

TLR7 targeting for cancer therapy

TLR7 is expressed on several types of immune cells and
it gets activated upon binding to microbial nucleoside
components. TLR7 is an endosomal receptor and
recognizes purine-rich (GU-rich or poly-U sequences)
sSRNA species and synthetic small molecules.'*'*
Predominantly, TLR7 is expressed in plasmacytoid DCs
(pDCs) and B cells. The expression of TLR7 on T cells
and macrophages is found to be context-dependent.”**!
TLRY7 is similar to another TLR family member, TLRS,
in terms of phylogenetic and the ligands it binds to."®
Recognition of a ligand by TLR7/8 is followed by the
activation of MAPKs and NF-xB signaling pathways
resulting in the up-regulation of pro-inflammatory
cytokines, chemokines, IFN-a, and co-stimulatory
molecules.'” Activation of TLR7/8 has been shown to
induce Thl immune responses, suppress Th2 responses
as well as regulatory mechanisms.*>'?"!%# TLR7-activated
cell adhesion molecules such as CD11a/CD18 integrin
causes pDC cluster formation, which naturally happens in
viral infections and is considered to be the major source
of IFN-a."*13! Recent preclinical research has shown that
TLR7 stimulation in tumor cells enhances CD8+ T cell
cytotoxic responses and suppresses PD-1 expression on T
cells that improved anti-tumor immunity.'*

Several studies have shown that TLR7 ligands are useful
for cancer therapy. TLR7 agonists activate APCs and prime
Th1 responses leading to the indication of cell-mediated
immunity, which is the appropriate type of immune
response against cancer. Besides, TLR7 agonists have been
shown to activate NK cells and inhibit the function of Treg

cells, which play a main role in the inhibition of immune
responses against cancer.”*"** In addition, some TLR7
ligands have been found to induce apoptosis in cancer
cells and sensitize them to the killing effects of CTLs and
CT.**1% Localized immunotherapy with TLR7/8 agonists
has been found to polarize immune responses toward Th1
type immune responses, which inhibit tumor growth in
mouse model tumors."”

TLR7 agonists

Over the last two decades, several types of synthetic
and natural nucleoside ligands have been developed for
targeting TLR7/8 in cancer immunotherapy. The most-
studied class of TLR7 agonists is imidazoquinolines
derivatives including IMQ (R-837), resiquimod (R-848),
and gardigiomod. IMQ (also called Aldara) is a synthetic
nucleotide-like TLR7 ligand, which can easily penetrate the
epidermal barrier due to its small size and its hydrophobic
nature. The topical formulation of IMQ (5% cream) has
been accepted for the therapy of dermatological cancers
such as basal cell carcinoma (BCC) and viral lesions such
as HPV. IMQ selectively binds to TLR7 and activates
downstream signaling pathways including NF-xB and
MAPK. Moreover, IMQ has been shown to bind to TLR8
with less selectivity as compared with TLR7. Due to the
similar structure of IMQ to adenosine nucleoside, it can
bind to adenosine receptors (AR).!?* In the absence of TLR7
and TLR8 on immune cells, TLR7/8 agonists can interact
with AR and stimulate the secretion of pro-inflammatory
cytokines and suppress an important feedback mechanism
of inflammation.”*”** The other two TLR7 ligands,
resiquimod, and gardiquimod have been shown to induce
more potent immune responses as compared with IMQ.'#
Resiquimod shows anti-cancer effects and potently induce
Th1 type inflammatory responses. It has been shown that
resiquimod induces DCs maturation and secretion of Th1
response-related cytokines including IL-6, IFN-y, and
TNF-a, leading to initiation of antigen-specific CD8+ T
cell responses.’**** A preclinical study has also shown
resiquimod inhibits angiogenesis and induces apoptosis in
4T1 bearing mice model. Interestingly, dying cancer cells
treated with resiquimod, release a high level of HMGB-
1 which in turn can act as a danger signal and activate
anti-cancer immune cells through binding to TLR4.'*
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Gardiquimod, another synthetic ligand for TLR7, is
known to be a potent anti-cancer agent. Several in vitro
and in vivo studies have proven the anti-tumor effects of
gardiquimod in cancer therapy. Gardiquimod induces the
expression of co-stimulatory molecules and IL-12 by DCs,
leading to the activation of Th1 cells and cellular immune
responses against cancer. Gardiquimod has been also
shown to trigger apoptosis in cancer cells and suppress
cancer metastasis.”**'*

Remodeling of TME

TLR7 agonists remodel TME through activation and
recruitment of immune cells. Multiple lines of evidence
prove that the anti-cancer effects of TLR7 agonists are
associated with their ability to alter immunosuppression
in TME and make it more supportive for the activation
and function of anti-cancer immune cells. The topical
administration of IMQ in the melanoma mouse model
significantly decreases the mRNA expression of Treg
cells-related chemokines and increases the expression
of cytotoxic molecules (granzyme B, perforin) in the
tumor. IMQ was also found to decrease Tregs and
increase CD8+ cells in the TME."*! It has shown that
the intratumoral application of resiquimod with anti-
CD200R in colon carcinoma mouse model inhibits tumor
growth. Resiquimod reprograms the tumor-promoting
microenvironment to a tumor-suppressive one by shifting
the phenotype of tumor-infiltrating macrophages from
predominantly M2 to M1."2 In another study, Chen
et al developed personalized immunotherapy through
in situ immunization by utilizing the antigens-derived
tumor, which was co-encapsulated with resiquimod in
NPs. Immunotherapy of mice bearing CT26 tumor using
resiquimod-tumor lysate NPs resulted in the induction of
DCs maturation, activation of a robust T cell activation,
CD3+ T cell infiltration, and granzyme B secretion in
TME. Analysis of excised primary tumors showed that
combination therapy exhibited a significant drop in the
relative density of MDSCs, but not M2 macrophages, in
the TME of the tumor-bearing mice as compared with
what was observed in untreated or monotherapies groups.
In this study, alteration in TME was correlated with
significant suppression of tumor growth and induction
of apoptosis. This regime was also found to induce a
long-lasting immunologic memory and prevent cancer
recurrence and metastasis. Interestingly, tumor re-
challenging led to tumor rejection in all of the survived
mice from the initial challenge."” Another study has
reported that the intratumoral administration of TLR7
agonists (SZU101) not only elicit a systemic anti-tumor
response but it modulates the TME via increasing CD4+
and CD8+ and decreasing Treg cells in murine breast
tumor model."*

Preclinical studies
The anti-cancer effect of IMQ in preclinical studies has

been shown in several types of malignancies such as
prostate cancer'* and bladder cancer mice models. A
previous study has shown that IMQ induces reactive
oxygen species (ROS) production, which stimulates
the ATM/ATR (ataxia-telangiectasia mutated/ATM-
and Rad3-Related) pathway, leading to p53-dependent
apoptosis in humane BCC cell line. Inhibition of ATM/
ATR signaling or silencing/mutation of p53 significantly
reduces the IMQ-induced apoptosis but it enhances
autophagy.’*® Suzuki et al have reported that application
of topical IMQ in the skin of healthy mice induces
maturation and migration of epidermal Langerhans cells
to the local lymph nodes leading to the activation of
specific T cell response and production of perforin and
granzyme B.'"” Han et al have shown that IMQ reduces cell
growth and prompts cell cycle arrest at the G2/M phase
and direct apoptosis in a mouse model of prostate cancer.
In addition, preclinical research has reported an anti-
angiogenic effect for IMQ via four mechanisms inducing; i.
production of anti-angiogenic cytokines such as IFNs, IL-
10, IL-12, and IL18, ii. down-regulation of pro-angiogenic
molecules including fibroblast growth factor-p (FGF-p)
and metalloproteinase-9 (MMP-9), iii. overexpression
of endogenous angiogenesis blockers (IFNs, IP10), iv.
and the induction of endothelial apoptosis.'**'* In line
with these findings, Majewski et al have shown that the
application of topical IMQ on the murine skin results in
the reduction of tumor cell-induced angiogenesis. The
anti-angiogenic effect of IMQ was found to be mediated
by enhancing IL-18 and IFN-y and downregulation of IL-
10 expression.'®® Another preclinical study has shown that
the application of resiquimod in mice bearing mammary
carcinoma reduces the immunosuppressive activity of
MDSCs on T cells, enhances the proliferation of T cells,
and induces MDSCs differentiation to macrophages and
DCs."! Systemic application of resiquimod in the colon
cancer model mice has been found not only to reduce
the frequency of MDSC in TME but also it stimulates
MDSCs and make them functional APCs capable of
inducing T cells activation compared with control PBS-
treated mice."*? Michaelis K-A and colleagues have shown
that intraperitoneal administration of resiquimod in mice
bearing pancreatic ductal adenocarcinoma (PDAC), can
reduce Treg population in TME and increase intratumoral
infiltration, cytotoxicity, and activation of CD8+ T cell.
These effects cause the suppression of tumor growth and
a significant improvement in survival of treated mice
compared with vehicle treatment.'”” In another study,
Rodell et al have demonstrated that resiquimod loaded
in NP, can remodel TME via promotion of Th1 responses
which in turn resulted in the induction of long-term
anti-tumor memory in MC38 and B16.F10 bearing mice
models.'

TLR7 combination therapy
Several preclinical studies have reported that TLR7
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ligands can enhance the therapeutic efficacy of cancer
conventional treatments. The superior anti-cancer
activity of combination therapy with TLR7 agonists
and RT and/or CT has been reported in various types
of animal cancer models such as colorectal, pancreatic
cancer,” and lymphoma.'” It has been shown that the
systemic application of the novel TLR7 agonist, DSR-
6434, in combination with RT, induces expression of
IFN-1, activation of T- and B-cells, NK cells, and NK-T
cells. DSR-6434 and RT combination therapy was found
to enhance the therapeutic efficacy of IR and improve
survival in mice bearing CT26 and KHT (murine sarcoma
cell line) tumors.’®® Cho et al have demonstrated that
combinational therapy with IMQ and RT induces anti-
cancer and anti-metastatic effects in mouse melanoma
tumors. The pretreatment of TLR7-expressed melanoma
tumor with IMQ before RT has been found to increase
autophagic cell death leading to a significant inhibition in
tumor growth and the number of the metastatic area as
compared with control groups. IMQ and IR combination
therapy increased the recruitment of CD4+ and CD8+ T
cells and decreased the number of Treg cells and MDSCs
in TME compared with the untreated group. These results
suggest that IMQ and IR combinational treatment induces
systemic anti-cancer immune responses, which can lead to
a reduction in the metastatic activity of circulating tumor
cells. Importantly, the median survival of treated mice with
IMQ combined with IR was significantly higher than that
of untreated mice."”” Karashima et al reported combination
treatment with oral sorafenib (a multi-kinase inhibitor)
and transcutaneous IMQ was tolerated well in mice with
orthotopic kidney cancer cells (RENCA) model. IMQ and
sorafenib combination therapy induced CD8+ and CD4+
cells and significantly reduced the growth of RENCA cell
carcinoma in the kidney as compared with the tumors
treated with the control vehicle.”” Gao N. and colleagues
have shown that application of a TLR7 agonist (SZU-101)
along with tyrosine kinase inhibitors (TKIs; lapatinib),
enhances tumor clearance without affecting the TLR7-
NF-«B signaling in breast tumor-bearing mice models.'*
Animal studies have also shown that TLR agonists can
reduce the AEs of CT due to the need for a reduced dose
of chemotherapeutic agents in combinational therapy.'*
Previous studies have reported that the anti-tumor
efficacy of TLR7/8 agonists is enhanced when they are
used in combination with CPIs and co-stimulatory
agonists.”” Recently, Nishii et al reported that systemic
monotherapy with low-dose resiquimod in two PD-L1
blockade-resistant tumor mouse models (Colon 26 and
SCCVII), did not result in beneficial anti-cancer effects.
In contrast, the combination of resiquimod with PD-L1
blockade was associated with a significant diminish in
tumor size, rapid activation of DCs, attenuation of Treg
cells, and an increased ratio of CD8+ T cells/Treg cells
in TME in both tumor models.”®® Systemic injection of
resiquimod in combination with obinutuzumab (anti-

CD20 mAb) has been reported to induce lymphoma
depletion and resistance to disease recurrence in murine
lymphoma models.""" The therapeutic effects of co-
treatment with resiquimod and obinutuzumab were found
to be through activation of both NK cells and CD4+ T
cells without effect on CD8+ T cells. The well-known anti-
cancer effects of IMQ make IMQ a promising agent for
cancer immunotherapy; however, the clinical application
of IMQ requires more studies for developing an effective
formulation for maximal immunogenicity.**12128162

Some studies have reported that IMQ may induce the
production of some immunosuppressive factors including
IL-10, hypoxia-inducible factor-1a (HIF-1a), indoleamine
2, 3-dioxygenase (IDO), and nitric oxide synthase (NOS)
in TME. Therefore, combination therapy with IMQ and
anti-cancer agents blocking the function of IDO, IL-10,
and NOS or HIF-1a inhibitors, have been used to enhance
the therapeutic efficacy of IMQ.'*'®® Ito et al have shown
that intratumoral injection of IMQ associated with the
oral L-NAME (an iNOS inhibitor) augments the anti-
cancer effects of IMQ compared with IMQ monotherapy
in EG7 and CT26 tumor-bearing mice. Combination
therapy with IMQ and L-NAME significantly impaired
tumor growth in both models.'* In another study, Huang
et al reported that targeting HIF-1a protein by 17-AAG,
augments the anti-tumor effects of IMQ in BI6F10 tumor-
bearing mice. The anti-cancer effects of IMQ and 17-AAG
combinational therapy were correlated with a significant
increase in the apoptotic cell content.'® Ghosh et al have
demonstrated that in vitro stimulation of human PBMC
with the combination of TLR7/8 and TLR4 agonists (3M-
003 and LPS) or TLR7/8 and TCR stimulatory agents
(the combination of phytohemagglutinin (PHA), anti-
CD3, and anti-CD28), up-regulates of IFN-y and IFN-a
compared with the cells treated with individual agents.
These combination therapies showed no effect on the
levels of the pro-inflammatory cytokines including TNFa,
IL-6, and IL-8 as compared with monotherapy groups.'”’

Clinical trials

The anti-cancer effects of TLR7 ligands have been
evaluated in several clinical trials (Table 4). In 1993,
before the exploration of TLRs on immune cells, Witt
et al reported that oral administration of IMQ (100-500
mg capsules) in some cancer patients results in biological
and immunological effects. Although clinical anti-tumor
responses were not observed, the serum level of IFN-a, j3,-
microglobulin, and neopterin increased without changes
in IL-1p or TNF-a levels.'®® Urosevic et al investigated
the mechanism by which topical IMQ induces anti-
cancer effects in basal cell carcinoma (BCC) patients.
They demonstrated that IMQ increases apoptosis via
downregulation of Bcl-2 (B-cell lymphoma 2) expression.
Topical IMQ was also found to enhance intratumoral
recruitment of lymphocytes CD4+ and CD8+ secreting
IFN-y and macrophages. The expression of Bcl-2 and
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FasL/Fas, ICAM-1 (Intercellular adhesion molecule 1) on
infiltrated cells was significantly reduced in IMQ treated
samples as compared with pretreatment samples.'”® In
line with this study, Berman et al have evaluated the FasR
expression level on BCC after very short-term application
of IMQ 5% cream or vehicle. While excised samples

Table 4. Clinical applications of TLR7 agonists in cancer immunotherapy

on IMQ-treated patients expressed FasR (3/4 patients)
and T-lymphocytes, none of the vehicle-treated tumors
expressed FasR and T-lymphocytes (0/5 patients).'”
This data suggest that the efficiency of IMQ 5% in the
improvement of BCC may be due to IMQ-induced
FasR-mediated apoptosis. In another clinical trial, Vidal

No. of Ref./Th
TLR Agonist Combination °-© Cancer type Response ef./The
samples year
Lung, colon, ovarian,
melanoma, carcinoid, renal
! ! Inducti f IFN-a, B-mi lobuli d
7 IMQ - 14 cell, breast, mesothelioma, nauc |o.n © @, p-microglobulin an 168 (1993)
neopterin
chondrosarcoma, rectal,
pancreatic
7 IMQ FIt3 Iigand.and Metastatic melanoma Developing both cutaneous and peptide-specific  , (2004)
tumor antigens CD8+ T-cell responses
7 IMQ - 7 BCC Increasing mDCs and pDCs 172 (2007)
Recombinant NY- Stimulation of humoral and cellular responses
7 IM Mel 4 (2008
Q ESO-1 elanoma and IFNy-secreting NY-ESO-1-specific CD4+ T cells ( )
) : . ) . .
- MQ Ther.ape.utlc HPV 19 VIN assPC|ate.d with A.Iterlng the balance of useful CD4+- and CD8 5 (2010)
vaccination HPV16 infection directed effector cells
7 MQ ) 10 Breast cancer skin Tumor rfegression, IYmphocytic infiltrate and 75 (2012)
metastases production of cytokines
. Upregulation of gene-related with Th1/cytotoxic
Breast ki
7 IMQ - 8 reast cancer skin immune response, migration of Th-1 and CTLs 178 (2019)
metastases .
into the tumor,
Increasing infiltration of the mononuclear
7 IMQ - 11 BCC inflammatory cell in the TME, decreasing the 173 (2009)
Bcl-2
7 MQ ) 6 BCC Increasing ap.optosis through downregulation of (2003)
Bcl-2 expression
. Upregulation of IFN-a, TIMP-1 and KiSS-1, MMP-
7 IM - 1 Mel k tast 177 (2004
Q elanoma skin Metastases ., " nd THBS1 downregulation of MMP-9, FGF2 (2004)
7 MQ ) 30 BCC Decreasing I.3c|.—2 expression and an increase in 11 (2004)
the apoptotic index
7 MQ Multipeptid.e 4 Melanoma {-\ctivation of T CD8+ and NK cells and infiltration ., (2016)
cancer vaccine in the TME
- MQ ) 10 BCC Expression of FasR and increasing of 7 (2003)
T-lymphocytes
7 Resiguimod ) 12 cTeL Incre:?sing T.—ceII clones, T—cell effector, NK cells, 7 (2015)
(Topical) and circulating DCs functions
- Resu.qwmod NY-ESO 1 and 3 Melanoma Induction both specific humoral and CD4+ T-cell |, (2015)
(Topical) Montanide responses
Producti f IFN- tokine i i
7 852A - 25 Advanced cancer . rocuc |on9 ) ?' cvto |n.e 4|ncreasmg, 180 (2007)
immunologic activity, and clinical symptoms
- 852 ) 13 CT-refractory metastatic Increasing of IP-10 and IFN-a and Th-1 cytokines ., (2008)
melanoma (IFN-y)
7 852A - 15 CLL Increasing of TNF-a, II-6, INF-a, and IgM 136 (2010)
IMQ or pol Autologous tumor Activation of DC, trafficking to lymph nodes,
7or3 IcLe POl lysate and DC 23 Glioblastoma and the priming of anti-tumor antigen-specific T~ *# (2011)

vaccine

lymphocytes

Abbreviations: CTCL: Cutaneous T-cell ymphoma; CLL: Chronic lymphocytic leukemia; BCC: Basal cell carcinoma; VIN: Vulval intraepithelial neoplasia;
HPV: Human papillomavirus; mDC: myeloid dendritic cells; pDC: plasmacytoid dendritic cells; TLRs: Toll-like receptors; DC: Dendritic cell; Th-1: T helper
cells; CTL: Cytotoxic T lymphocytes; IFN: Interferon-a; TNF-a: Tumor necrosis factor; (polyA:U); Poly-ICLC: poly-I-lysine and carboxymethylcellulose;
IMQ: Imigiumod; NY-ESO-1: New York esophageal squamous cell carcinoma 1; Flt3: fms like tyrosine kinase 3; Bcl-2: B-cell lymphoma 2; TIMP-1: Tissue
inhibitor matrix metalloproteinase 1; KiSS-1: Kisspeptins; MMP: Matrix metallopeptidases; THBS1: Thrombospondin-1; FGF2: fibroblast growth factor;

IP-10: Interferon gamma-induced protein 10.
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et al compared the level of apoptosis-related genes such
as Bcl-2, Ki67, and p53 in IMQ treated-BCC lesions and
the control treated with Aldara-(3M Pharmaceuticals)
excipient. The BCC tumors treated with IMQ showed a
decrease in the Bcl-2 expression and an increase in the
apoptotic profile compared with BCC lesions treated with
the excipient. The expression of Ki67 and p53 remained
unchanged in all of the groups.”’ Another research
showed that topical application of IMQ in BCC patients
induces tumor rejection. IMQ induces inflammatory
TME composed of CD8+ and CD4+ T cells, granzyme B
and perforin expressing mDCs, and pDCs releasing TNF-
related apoptosis-inducing ligand (TRAIL). Therefore
IMQ-activated DCs are not only involved in the initiation
phase of the immune response but also act as effector
cells and directly induce apoptosis in tumor cells.'”?
Giorgi et al evaluated the immunophenotype of the
TME in skin biopsies from BCC patients, pre- and post-
IMQ treatment. IMQ treatment resulted in a significant
increase in intratumoral infiltration of the mononuclear
inflammatory cells including mostly CD4+ T cells and to
a lesser extent the CTLs, B cells, Langerhans cells, DCs,
neutrophils, NK cells, eosinophils, and melanophages.
After IMQ therapy, all excisional specimens showed
a relative increase in CTL/suppressor lymphocytes as
compared with pretreatment biopsies. IMQ therapy also
reduced the expression of the anti-apoptotic marker, Bcl-
2 and it enhanced the expression of the pro-apoptotic
marker Bax, Fas/FasL.'”> Huang et al have shown that the
excised samples from squamous cell carcinoma (SCC)
patients, who were treated with topical IMQ, contained
a higher level of Teff cells. Cancer cell apoptosis and
histologic evidence of tumor regression were found in
the samples from IMQ-treated patients as compared with
the untreated group. IMQ also increased the expression
of IFN-y, granzyme, and perforin by Teff cells and
reduced the level of IL-10 and TGF-f as compared with
the control group.' Another study has shown that the
application of topical IMQ (5% cream) on skin metastases
in breast cancer patients, stimulates local anti-tumor
immune responses leading to regression of lesions.
Topical IMQ also stimulates a significant expansion in
the intratumoral infiltration of CD8+ and CD4+ T cells,
which locally produce inflammatory cytokines such as
IFN-y."” Recently, Nguyen A. et al have demonstrated
that topical IMQ cream is a treatment option for
cutaneous metastasis of breast cancer. They have reported
that treatment of breast cancer metastatic skin lesions of
a woman with topical IMQ 5% cream twice per day for
5 days a week, lead to a reduction in the size, thickness,
and pigmentation of the lesions. The therapeutic efficacy
of topical IMQ is believed to be due to its ability to induce
a Th1 inflammatory response in TME.!7¢

Several clinical studies have reported the effects of IMQ
on cancer metastasis and angiogenesis. Hesling et al have
reported the expression profiles of molecules related to

metastasis and angiogenesis in the biopsied lesion of a
woman with skin melanoma metastases who had received
topical IMQ once daily for 8 weeks. Analysis of the skin
lesion before and after treatment showed that IMQ
upregulated expression of IFN-a, MMP inhibitors (i.e
TIMP-1 and KiSS-1), MMP-1, and THBS1 (angiogenesis
inhibitor). In contrast, IMQ downregulated MMP-9 and
FGF2. VEGF expression remained at a basal level.'””
Recently, Rozenblit et al have evaluated transcriptomic
profiles in baseline and post-treatment tumor samples
from skin metastases of breast cancer patients treated
with topical IMQ. They have found that the majority
of the transcripts related to chemo-attraction, antigen
presentation, and cytotoxic mechanisms were upregulated
in responding patients. Further analysis of the responding
patients showed that IMQ triggers a strong Thl type
immune response, which is associated with upregulation
of genes related to Th-1 chemokines and their receptors,
migration of Th-1 and CTLs into the tumor, and markers
of lymphocyte activation. In addition, they observed
activation of innate immune cells including NK cells,
neutrophils, functional mature DCs in tumor samples
from the responding patients. In contrast, samples from
the partial responder (PR) patients, displayed a permissive
environment characterized by the overexpression of
genes related to leukocyte adhesion and migration,
antigen presentation, chemokine receptor, and T cell
cytotoxic markers.!”® Altogether, these findings show that
the application of topical IMQ can prompt anti-tumor
immune responses through the recruitment and activation
of DCs and T cells in TME.

In addition to IMQ, the therapeutic efficacy of some
other TLR7 agonists has been also evaluated in clinical
trials. Rook et al have reported that the application of the
topical resiquimod gel (0.03% and 0.06%) in patients with
cutaneous T cell lymphoma (CTCL), triggers not only
local but also systemic immune responses leading to the
regression of both treated and untreated lesions. Complete
eradication of malignant T cells and depletion of clonal
malignant T cells were found in 30% and 90% of patients
treated with resiquimod, respectively. Topical resiquimod
also enhanced the recruitment and expansion of effector
T cell clones and NK cell functions in skin lesions."”
Although the topical formulation of TLR7 agonist has
shown promising anti-tumor immune response in skin
tumors, systemic administration is required to treat
tumors of internal organs. Intravenous administration of
a TLR7 agonist (i.e 852A) was well tolerated in patients
with refractory solid organ tumors, at doses up to 1.2 mg/
m? Induction of anti-tumor immune responses included
an increase in IFN-a and the clinical symptoms of tumor
regression were found in all the patients who received a
dose of 20.6 mg/m?*.'* Intravenous injections of 852A (0.3-
0.6 mg/m?) in patients with relapsed chronic lymphocytic
leukemia (CLL) were also reported to be safe but showed
weak clinical efficacy. In this study, an increase in the
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serum levels of TNF-a, IL-6, IFN-a, and IgM was not
correlated with the dose of 852A.%¢

Despite the proven anti-cancer effects of TLR7 agonists,
their clinical use has been limited due to toxicity, AEs, and
TLR tolerance that influence the efficacy of TLR7 in cancer
immunotherapy.'”'® TLR7 tolerance due to repetitive
receptor stimulation not only blunts cytokines and IFN-I
secretion in DCs but also enhances the secretion of the
suppressive cytokine IL-10 in tolerogenic DCs. To avoid
TLR7 tolerance and positive systemic immune response,
careful evaluation of the induced cytokines pattern, dose
schedule, and the timing of TLR stimulation is essential
for effective immunotherapy.!**'®! TLR7 combination
therapy may enhance the efficacy of treatment due to
tolerance prevention by both enhancing the secretion
of pro-inflammatory cytokines and preventing the high
secretion of IL-10.1**

The administration of cancer vaccines in combination
with the topical form of TLR7 agonists has shown
promising results in clinical trials. Intradermal application
of NY-ESO-1 antigen into pre- and post-treated topical
IMQ lesions was well tolerated in malignant melanoma
patients. The IMQ/NY-ESO-1 combination treatment
resulted in the activation and infiltration of APCs at the
vaccination site leading to the activation of both humoral
and cell-mediated immunity. Intratumoral infiltration
of IFN-y-secreting NY-ESO-1-specific CD4+ T cells,
monocytes, macrophages, mDCs, and NK cells were
higher than what was observed in the untreated control
skin of the same patients.* Shackleton et al have evaluated
the immune responses of triple combination therapy
including topical IMQ, subcutaneously Flt3 ligand (FL),
and peptides vaccination (influenza (Flu), Melan-A (Mel),
tyrosinase (Tyr), and NY-ESO-1) in melanoma patients.
The results showed that IMQ stimulates maturation of
FL-increased immature DCs leading to an increase in
TAs- specific CD8+ T immune responses in vaccine
sites.'®> Topical application of resiquimod combined
with subcutaneous administration of NY-ESO-1 plus
Montanide in melanoma patients stimulates NY-ESO-1-
specific antibodies and CD4+ T cell responses without
evidence of CD8+ T cell responses.” Another clinical
study has reported that combination therapy with
TLR3/TLR7 agonists (poly-ICLC, or 5% IMQ cream)
and autologous DC vaccination are well tolerated in
patients with GBM. Combinational therapy with DC
vaccines and TLR3 or TLR7 was found to enhance
tumor-infiltrating lymphocytes (TIL) in patients with a
subtype of GBM characterized with mesenchymal gene
expression signature.'®® Mauldin et al have reported that
treatment of melanoma metastases with topical IMQ plus
subcutaneously and intradermally injection of a multi-
peptide cancer vaccine (12 melanoma peptides and a
tetanus toxoid-derived helper peptide), were well tolerated
with mild AEs and without dose-limiting toxicities. IMQ
induced CD8+ T and NK cells activation and infiltration

in the TME and favorable gene signatures in the patients
with T cell responses. Evaluation of gene expression
profiles in pre- and post-IMQ-treated tumor samples
showed up-regulation of the genes related to adaptive
immunity (TCR, IFNy, and IL-2 signaling pathways),
innate immunity (TLR signaling and complement
activation), and T cell/NK cell recruitment (IL2RG,
IL2RB, CD3G, CD2, SLAMF6, and CD38). Moreover,
IMQ up-regulates the gene-related to tryptophan
metabolism, fatty acid omega oxidation, apoptotic
execution phase, IL-1, and TLR signaling.'® Topical IMQ
followed by therapeutic HPV vaccination in patients with
valval intraepithelial neoplasia (VIN), was well tolerated
and induced systemic lymphoproliferation and local
inflammatory environment. IMQ treatment significantly
reduced the size of lesions, cleared HPV infection, and
improved symptoms in patients. Administration of IMQ
prior to HPV vaccines enhanced intratumoral infiltration
of CD4+ and CD8+ T cells and reduced the population
of Treg cells in TME. Interestingly, the higher level of
pre-existing and post-treatment Treg cells was associated
with the non-responsiveness of the lesion to treatment.'®
Dummer et al have reported the intravenous infusion
of 852A (0.6 to 0.9 mg/m2) in CT-refractory metastatic
melanoma patients was well tolerated as the majority of
patients completed the treatment period (13 out of 21)
and just 2 patients have shown AEs. Co-treatment of
patients with 852A with RT induced systemic immune
responses through increasing dose-dependent expression
of serum cytokine (i.e IFN-I) which was associated with
prolonged disease stability."* Despite promising results of
TLR7 agonists in clinical trials, more research is needed to
enhance their efficacy, reduce toxicity, optimize the dose
and administration route.

Altogether, the previous studies show that TLR7 agonists
remodel the TME in favor of anti-cancer immune response
leading to suppression of tumor progression. Reversal of
immunosuppression by TLR7 agonists is related to better
tumor infiltration and function of immune cells as well as
a significant decrease in the level of immunosuppressive
factors in the TME. TLR7 agonists have been also shown
to directly induce tumor cell apoptosis by overexpression
of pro-apoptotic proteins and down-regulation of anti-
apoptotic factors in tumor cells. TLR7 ligands have been
also reported to enhance the therapeutic efficacy of CT
or RT in preclinical and clinical studies. Limited studies
are showing that TLR7 agonists increase some cellular
metabolites in cancer cells and exert pro-tumor effects,
which can be neutralized by combination therapy. The
therapeutic efficacy of TLR7 agonists can be optimized
by the evolution of the effects of the administration route,
dose, and timing of administration when is combined
with other anti-cancer drugs.

TLRO targeting for cancer therapy
TLR9 is an endosomal receptor, which is mainly expressed
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in immune cells. TLRY interacts with nucleoside-like
ligands leading to the activation of immune responses.
TLRY downstream signaling pathway is activated upon
binding to exogenous (bacterial DNA and viral DNA/
RNA) or endogenous (self-derived DNA; such as
mitochondrial DNA (mtDNA)) danger signals such as
single-strand unmethylated CpG dinucleotide motifs.
It is worth noting that TLRY signaling gets suppressed
upon binding to methylated DNA in the vertebrate.'s!
TLRY exerts the narrowest expression pattern in humans.
Thus far, pDCs and B cells are the only immune cells
that constitutively express TLR9. Other immune cells
such as neutrophils, monocytes, monocyte-derived cells,
and CD4+ T cells only express TLR9 during activation.
Stimulation of TLRY triggers activation of MAPK and
NF-xB signaling cascade in pDCs, which leads to the
overexpression of pro-inflammatory cytokines (IFN-I)
and co-stimulatory molecules such as CD80 (B7.1) and
CD86 (B7.2). pDCs activation through TLR9 results in the
induction of Th1 cells leading to CTL responses.'*’

TLRY stimulation has various effects on the function
of immune cells. Several studies have demonstrated that
TLRYligands directly induce the maturation and activation
of pDCs. On the other hand, TLR9 agonists induce B cell
differentiation into plasma cells and promote antibody-
dependent cellular cytotoxicity (ADCC)."¥”'** In addition,
direct ligation of TLRY agonists inhibits the suppressive
function of Treg cells.'”® Several studies have indicated
that DNA released by dying cancer cells after CT, acts as a
TLRY agonist and modulates the TME through activation
of DCs and induction of tumor-specific CTLs.”" TLR9
signaling can augment tumor regression either directly
through upregulation of IFN-y, or indirectly, via killing of
tumor cells by activated-NK cells.”

TLR9 agonists

Several synthetic CpG oligodeoxynucleotide (CpG ODN)
have been developed as TLR9 agonists for the treatment
of cancer.”” CpG ODNs motifs are potent inducers of
the innate and adaptive immune response. CpG ODNs
motifs are considered promising adjuvants for vaccines
in particular for anti-cancer vaccines because CpG ODNs
activate cell-mediated immune responses.'*>'** CpG ODNs
motifs act as a danger signal and activate DCs leading to
activation of Th1 type inflammatory responses. Moreover,
CpG ODNs induce NK cell activity. CpG ODNs have been
also reported to reduce the number of Treg cells in the
draining lymph node.** According to immunologic effects,
CpG ODNs are divided into three different subtypes
including CpG-A, CpG-B, and CpG-C. CpG-A motifs
are potent stimulators of NK cells. CpG-B motifs induce
antigen presentation by pDCs and production of Thl
cytokines. CpG-B motifs also promote the differentiation
of anti-tumor Th17 cells, which have been shown to
induce intratumoral CTL recruitment and subsequent
regression of established tumors."* CpG-C motifs show a

combination of immunologic effects induced by CpG-A
and CpG-B motifs.*®

Among TLR9 ligands developed to date, PF-3512676
(also known as CPG 7909 and agatolimod), EnanDIM®,
Lefitolimod (MGN1703), and IMO-2125 (tilsotolimod)
are the most well-studied CpG-ODN TLR-9 agonists.
While cancer immunotherapy with PF-3512676 has been
found to result in poor therapeutic outcomes in cancer
patients, promising results have been reported with
EnanDIM® and MGN1703. Several preclinical research
studies have shown that MGN1703 significantly activates
both the innate and adaptive immune cells (DCs, NK cells,
monocytes, CTL, and B-cells) and induces the secretion of
a variety of cytokines (IFN-a, IFN-y, IL-8, and IL-6) and
chemokines (CD86, CD40, CD169, CD69, IP-10) from
activated immune cells."”>'*® Recently, Schleimann et al
have shown that MGN1703 induces B cell differentiation,
IgG production, and a potent IFN response in lymph
nodes as well as pDC, NK cells, and T cell activation in
human immunodeficiency virus (HIV) patients.”” A
preclinical study in the CT26 mice model has shown that
intratumoral administration of MGN1703, modulates
TME and induces tumor infiltration of T cells, specifically
CD8+ T cells.!” Recently Yang et al have developed
Y-shaped dsDNA nanostructures (Y-DNAs) that interact
with TLR9 and could activate innate immune cells. Their
results show that treatment of mouse BM-derived DCs
(BMDCs) and macrophages with Y-DNA, results in
increasing of co-stimulatory factors (CD80 and CD86)
as well as up-regulation of Thl-type pro-inflammatory
cytokines (IL-12 and TNF-a).'

TLR9 combination therapy
Preclinical studies show that TLR9 agonists are useful
for cancer therapy when they are applied in combination
with other anti-cancer therapies such as RT, CT, and
anti-cancer vaccines.'” We have previously reported that
the intratumoral application of CpG ODNs combined
with a selective inhibitor of STAT3 (JSI-124), reverses
the immunosuppression in TME leading to a significant
expansion in tumor infiltration of activated CD4+ and
CD8+ T cells in tumor-bearing mice. In this study, the
presence of activated T cells in TME was correlated
with tumor regression and long-term immune memory
in melanoma-bearing mice.”® In line with this report,
intravenous injection of PF-3512676 in combination with
a STAT3 inhibitory agent has been reported to upregulate
the genes related to antigen processing/presentation, Th1l
cell activation in mouse model lymphoma. Up-regulation
of genes related to Thl responses was correlated with
cancer-specific lymphoma CD8+/CD4+ T immunity,
which significantly inhibited tumor growth resulting in
the long-term survival of mice receiving the combination
therapy.®!

Combination of MGN1703 with CPIs was found to
enhance the anti-tumor effect of the CPIs, which was
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correlated with further tumor regression, prolonged
survival, and long-lasting anti-tumor immune memory
indicated with tumor re-challenge studies.'” Gallotta et
al have reported that intranasal administration of TLR9
agonist (SD-101) significantly enhances the anti-cancer
effects of immunotherapy with anti-PD-1 in mice carrying
a poorly immunogenic lung cancer. Co-treatment of
anti-PD-1 antibody and TLRY agonist administered by
inhalation resulted in the regression of both lung tumors
and distant metastatic lesion and significantly increased
the survival of tumor-bearing mice. The observed anti-
cancer effects were correlated with a significant increase
in trafficking and function of Teff cells in the lung.*”
Local administration of TLR9 ligand (CpG) enhances the
expression of OX40 (OX40; a type of TNF receptor) on
both Teff cells and in Treg cells in the TME. Sagiv-Barfi I
et al have shown that in situ vaccination of TLR9 or TLR7
ligands (CpG or IMQ) with agonistic anti-OX40 antibody
into one site of mice tumor models (B cell lymphoma
tumors (A20), breast carcinoma (4T1), colon cancer
(CT26) and melanoma (B16F10) induce a tumor-specific
immune response. This regime led to the regression of
treated and untreated syngeneic tumors throughout the
body without effect on non-homologous distant tumors.
Agonistic anti-OX40 augment CpG efficacy and induces
long-lasting immunity that leads to the cure of most of the
mice tumors with a major effect on the survival of these

mice.?%

Preclinical studies

Several preclinical studies have been evaluated anti-cancer
effects of TLRY agonists. Wang et al have shown that the
intratumoral administration of IMO-2125 in the CRC
mice model stimulates anti-tumor immune responses
resulting in the regression of the tumor. IMO-2125 was
found to induce both local and systemic Thl immune
response and long-lasting tumor-specific CTL response,
resulting in growth inhibition of primary tumors as well
as metastatic lesions. In addition, IMO-2125 was found
to modulate TME resulting in the recruitment of cancer-
specific T cells into tumors.'® Kapp et al have reported that
subcutaneous injection of EnanDIM® activates innate and
adaptive immune response without toxicity in multiple
mice cancer models. EnanDIM® was found to remodel
TME leading to significant infiltration of CD8+ T cells
within the CT26 tumor mice model, which was associated
with tumor regression. Treatment of A20 lymphoma
and EMT-6 (breast carcinoma model) mice model with
EnanDIM have been also found to result in the complete
destruction of the established tumor in more than half of
the mice in the test group, which showed a significantly
improved rate of survival as compared with the control
group. All surviving mice rejected re-challenging with
A20 and EMT-6 cells suggesting the development of long-
lasting immunity.' Kapp et al have reported intratumoral
administration of MGN1703 in CT26 tumor-bearing mice,

increases intratumoral infiltration and anti-cancer activity
of tumor-specific CD8+ T cells as well as the ratio of M1/
M2 macrophages within TME, which was correlated with
tumor regression. They also showed that intratumoral
MGN1703 reduces tumor growth and enhances survival
in B16 melanoma and EMT-6 breast cancer mice model.
These preclinical data suggest that the application of TLR9
agonists in human malignancies can be beneficial.'¥

Clinical trials

Over the last decade, many clinical studies have reported
that TLRY agonists are well tolerated in cancer patients
and they show therapeutic effects in some types of human
malignancies (Table 5)." PF-3512676, one of the first
developed TLR9 agonists, has been evaluated for its ability
toinduceanti-cancer effectsin several clinical studies. It has
been shown that subcutaneous vaccinations of melanoma
patients with low-dose PF-3512676 along with melanoma
antigen and IFA, results in the rapid and strong expansion
of antigen-specific T cell responses.*** Another study has
reported that intradermal injections of PF-3512676 in
melanoma patients lead to an increase in the frequency
of pDC, mDC, the release of a variety of inflammatory
cytokines, and a significant decrease in the frequency of
Treg cells in the sentinel lymph node (SLN).*** Pashenkov
et al have shown that the subcutaneous administration of
PF-3512676 (6 mg weekly) in melanoma patients induces
the regression of metastatic lesions in patients without
notable toxicity.?® In line with these findings, it has been
demonstrated that the intratumoral application of PF-
3512676 (up to 10 mg) in patients with BCC or melanoma
was well tolerated and caused the regression of primary
local tumors. The observed anti-cancer effects with PF-
3512676 were correlated with an increase in serum levels of
IL-6, IP-10, IL-12p40 as well as infiltration of lymphocytes
CD4+ and CD8+ T cells, CD14+ monocytes, and CD68+
macrophages into the lesions.'® Another study has shown
that subcutaneous administration of PF-3512676 (0.08-
0.81mg/kg; weekly) in renal cell carcinoma (RCC) patients
was tolerable and resulted in a significant reduction
in tumor size.* The therapeutic efficacy and safety of
PF-3512676 have been assessed in lymphoma patients.
Link et al have shown that intravenous administration
of PF-3512676 (0.01 to 0.64 mg/kg) in patients with
Hodgkin lymphoma can be safe. PF-3512676 treatment
increased the number and activity of NK-cells but did
not affect the level of serum cytokines (IL-12, IL-18,
TNF-a), chemokines (IP-10, monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-
1b (MIP-1b), or immune activation markers (IgM, IgG,
C-reactive protein (CRP)).*” Another study has shown
that subcutaneous injection of PF-3512676 (0.08-0.36 mg/
kg), was well tolerated in CTCL patients with a clinical
response rate being 32%.* Another clinical trial has
demonstrated that administration of a single intravenous
and subcutaneous dose of PF-03512676 in CLL patients
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Table 5. Clinical applications of TLR9 agonists in cancer immunotherapy

. I No. of
TLR Agonist Combination samples Cancer type Response Ref./The year
R t
9 CpG-28 - 24 e.curren Well tolerated at doses up to 20mg 193 (2006)
glioblastoma
RT and . ;
9 CpG-28 . 81 Glioblastoma Without effect on OS and PFS 210(2017)
temozolomide
9 CpG-B GM-CSF 30 Melanoma Improve RFS 2 (0iL77)
Tumor regression, increasing IFN responsive
9 SD-101 RT 29 Lymphoma genes, infiltration of CD8+ and CD4+ effector 220 (2018)
T-cells, decreasing number of Th and Tregs
Well tolerated and exert anti-tumor activity with
o sb-101 RT 13 eellumpuei: induction of CD8+ T cells and INF-a (2016)
i - i D
9 PF-3512676  RT B-cell lymphoma Induction tL.JmOF .reactwe memory CD8+Tcells . (2010)
and systemic antilymphoma clinical responses
Relapsed B cell
9 PF-3512676  Rituximab 50 non-Hodgkin’s Safe in combination with rituximab 217 (2007)
lymphoma
9 PF-3512676 ) 10 BCC or melanoma Local tu.mo.r regressions, increasing of IL-6 199 (2008)
metastases cellular infiltrates of lymphocytes
9 PF-3512676  Cemcitabineand g NSCLC Without effect on OS or PFS 25 (2012)
cisplatin
Increasing serum level of NK and T cells and the ¢
9 PF-3512676 41 cLt expression of CD20, CD86, and TRAIL (2012)
9 PE-3512676 - 20 Melanoma Activation of.blood |.JDCs,I|ncreasmg of NKCand (2006)
NK cell recruitment into tissues
9 PF-3512676 ) 39 Renal cell carcinoma Increasing serum.level of the IP-10, MCP-1, and (2009)
IFN-a and reduction tumor
9 PE-3512676 - 23 Non-Hodgkin Increasing concen.tr.atlons and activation of NK- (2006)
lymphoma cell and ADCC activity
9 PF-3512676 Paclltaxel( 328 NSCLC Dld. not improve OS or PFS and represented 25 (2010)
carboplatin serious AEs
9 PF-3512676 - 28 CTCL Well tolerated 208(2011)
9 PE-3512676 Melanoma antigen Melanoma Induction of strong antigen-specific T cell 4 (2005)
and IFA responses
Increasing frequency of pDC, mDC, releasing of
9 PF-3512676 - 23 Melanoma inflammatory cytokines, and lower frequencies  2* (2007)
of Treg cells in the SLN
9 PF-3512676  RT 7 B-cell ymphoma Safe and well tolerated 219 (2006)
M ic soli
9 MGN1703 - 28 tu:zitahc solid Expression of cytokines and chemokines 213 (2015)
Safe and inducti f t tivati d
9 MGN1703  Platinum-based CT 103 ES-SCLC ate and Induction of monocytes acivation ahd 225 (018)
expression of IP-10
9 MGN1703 ) 59 MCRC Induction of durable and prolonged PFS and 2 (2014)

disease control

Abbreviation: CTCL: Cutaneous T-cell ymphoma; CLL: Chronic lymphocytic leukemia; NSCLC: Non-small-cell lung carcinoma; ES-SCLC: Extensive-stage
small-cell lung cancer; BCC: Basal cell carcinoma; mCRC: metastatic colorectal carcinoma; mDC: myeloid dendritic cells; pDC: plasmacytoid dendritic
cells; Treg: regulatory T; TLRs: Toll-like receptors; DC: Dendritic cell; Th-1: T helper cells; CTL: Cytotoxic T lymphocytes; IFA: Incomplete Freund’s
adjuvant; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN: Interferon-a; NKC: NK cytotoxicity; IP-10: Interferon gamma-induced
protein 10; MCP-1: monocyte chemoattractant protein-1; ADCC: Antibody-dependent cellular cytotoxicity; AEs: Adverse events; SLN: sentinel lymph
node; TME: Tumor microenvironment; PFS: progression-free survival; OS: Overall survival; RT: Radiotherapy; CT: chemotherapy; CpG: RFS:recurrence-

free survival.

was well tolerated up to 1.05 mg/kg and 0.45 mg/kg
respectively without significant clinical response.””® Due
to AEs and lack of therapeutic efficacy, clinical studies
with PF-03512676 have been discontinued.

Anti-tumor effects of other TLR9 agonists have been
studied in several clinical trials. Carpentier et al have
shown that intratumoral injection of CpG-280 (5-20 mg)

in patients with recurrent GBM is well tolerated at doses
up to 20 mg, but the clinical response was poor.'”* Another
study has reported that local immunotherapy with CpG-
280 (10 mg) injected into the surgical cavity in patients
with GBM after tumor removal and followed by standard
of care (SOC; RT and temozolomide), was well tolerated.
However, this treatment did not show a significant effect
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on OS and recurrence-free survival (RFS) in this trial. 2!
Koster et al have shown that intradermal administration of
low-dose CpG-B (1-8 mg) at the primary tumor excision
site in melanoma patients induces local and systemic
immune responses that protect patients against disease
relapse and improve RES up to 26 months compared with
untreated patients (22 months).’’ MGN1703, a novel
TLRY agonist, has shown promising effects in clinical
studies. Subcutaneous administration of MGN1703
(60mg) as maintenance treatment in mCRC has been
found to significantly induce durable and prolonged PFS
versus placebo (2.8 to 2.6 months).?'? Another clinical trial
has reported that the use of MGN1703 in patients with
metastatic solid tumors is safe and well-tolerated even in
doses of up to 60 mg.*"

Several clinical studies have assessed the therapeutic
efficacy of combination therapy with TLR9 agonists and
other conventional anti-cancer drugs. Goldinger et al have
reported that combination therapy with subcutaneous
injection of CpG-ODN G10, topical IMQ, and melanoma
peptide antigen with or without Montanide, stimulated
specific T cell responses, effector-memory-phenotype cells,
and humoral immune responses in melanoma patients.
However, this regimen was not found to have a significant
clinical beneficiary response in patients.’* A phase III
clinical trial using PF-3512676 along with gemcitabine
and cisplatin in non-small cell lung cancer (NSCLC)
patients, did not show clinical response and was without
effect on OS or PFS. This clinical trial was discontinued
due to increased toxicity and insufficient therapeutic
response.’”® In a similar study, Hirsh V. and coworkers
evaluated clinical benefits of subcutaneous administration
of PF-3512676 (0.2 mg/kg) as monotherapy and in
combination with paclitaxel/carboplatin CT in advanced
NSCLC patients. They reported that this combination
therapy did not improve OS or PES and resulted in serious
AEs in most patients.!® Another study has shown that co-
treatment of PF-3512676 with rituximab in lymphoma
patients, induces Th1l cytokines and chemokines.””” The
intratumoral injection of PF-3512676 following low-
dose RT in patients with low-grade B-cell lymphoma has
been reported to be well tolerated without treatment-
limiting AEs. This combination therapy resulted in the
activation of tumor-reactive memory CD8+ T cells and
significant clinical responses indicated with regression
of large disseminated tumors.?’® A phase I/II study has
reported that the intratumoral application of PF-3512676
in combination with low-dose RT was well tolerated in
low-grade lymphoma patients. Five out of 7 patients who
completed the treatment showed a partial response with
tumor regression observed at all un-irradiated sites and
2 remaining patients had stable disease.”” Combination
therapy with intratumoral SD-101 and low-dose RT in
lymphoma patients resulted in tumor regression in injected
and non-injected tumors. SD-101 was found to modulate
TME through an increased expression of IFN responsive

genes and infiltration of CD8+ and CD4+ effector T
cells. Also, SD-101 treatment resulted in a decrease in the
number of T follicular helper and Treg cells into tumors.?*
In a similar study, Levy et al conducted a phase I/II trial
for escalating intratumoral doses of SD-101 in untreated
B-cell lymphoma patients and found no dose-limiting
toxicities up to 8 mg/dose and the majority of related AEs
were mild. Intratumoral SD-101 following RT, exerts anti-
tumor activity with the induction of CD8+ T cells and
IFN-a. A reduction in tumor sizes was observed in the
period of study (46.1% on day 90 to 68.6% on day 540).2*

Combination therapy with TLR9 agonists and CPIs has
also shown promising effects in clinical studies. Ribas et
al have evaluated the safety and anti-tumor activity of co-
treatment of intratumoral SD-101 and pembrolizumab in
patients with melanoma. This combination therapy was
well tolerated with mild-to-moderate AEs. In this study,
the expected 12-month PFS, overall response rate (ORR),
and OS rate were 88%, 78%, and 89% respectively. The
improved survival of the patients treated with SD-101
and pembrolizumab was associated with a significant
expansion of the number of CTL, NK cells, DCs,
and B cells in TME. These results demonstrated that
combining SD-101 administration with PD-1 blockade
potentially increases clinical efficiency and decreases
PD-1 blockade-related toxicity.** Several clinical trials
are ongoing evaluating the safety and effectiveness of
IMO-2125 in combination with different immune CPIs
including ipilimumab (anti-CTLA4), pembrolizumab,
and nivolumab in melanoma patients and refractory solid
tumors. Co-treatment of IMO-2125 with ipilimumab
is well tolerated and shows promising therapeutic
efficacy in patients with anti-PD-1 resistant metastatic
melanoma. Intratumoral administration of IMO-2125 in
patients with refractory solid tumors was generally well
tolerated and it induced TME reprogramming through
immune checkpoint upregulation, activation of DCs, and
stimulation of IFN-I signaling.”> Moreover, it has been
shown that combination therapy with IMO-2125 and
Ipilimumab triggers DCs maturation, IFN-y upregulation,
and activation of T cell in distant lesions in anti-PD-1
refractory metastatic melanoma patients.”* The results
of phase II clinical trial showed that the administration
of MGN1703 following platinum-based CT led to a
significant increase in the rate of monocyte activation and
IP-10 expression in extensive-stage small-cell lung cancer
(ES-SCLC). While MGN1703 had no relevant effect on
PES and OS in patients with ES-SCLC, it significantly
enhanced the OS of the patients with chronic obstructive
pulmonary disease (COPD) as compared with the control
group that only received platinum-based CT.?**

Overall, the results of immunotherapy with TLR9
ligands are very promising. The findings summarized in
this section, clearly show that TLR9 agonist can reverse
immunosuppression in TME for better tumor infiltration
and function of anti-cancer effector cells. Preclinical and

282 | Biolmpacts, 2022, 12(3), 261-290



Recent advances in cancer immunotherapy

Review Highlights

What is the current knowledge?

v Immunosuppressive TME is believed to be the main barrier
to the effectiveness of cancer immunotherapies in particular
cancer vaccines.

v The TME counteracts the therapeutic effects of cancer
vaccines and provides a favorable environment for tumor
growth and progression.

What is new here?

v TLR agonists reverse the immunosuppressive TME
and potentially augment the therapeutic effects of cancer
therapies in particular cancer vaccines in clinical settings.
V Several clinical studies provide proof of principle that
TLR3, 4, 7, and 9 agonists can improve the clinical outcome
of cancer patients.

clinical studies show that reversal of immunosuppression
in TME by TLRY agonists results in therapeutic outcomes
in most cases. The induction of long-lasting immunity
by TLRY agonists reported in several studies is very
encouraging for more work on the development of new
TLRY agonists for cancer immunotherapy. The findings
presented in this section, also suggest that the most
clinical benefits from TLR9 agonists therapy are obtained
in combination regimens included with RT or CT or other
therapy. Some studies have reported the termination
of clinical studies with some TLR9 agonists due to the
intolerability of patients to the potential side effects. These
reports suggest that further studies are needed to evaluate
the newly developed TLR9 ligands for dosing and the route
and timing of administration, to achieve an optimized
therapeutic outcome with minimum side effects.

Concluding Remarks

Several preclinical and clinical findings provide proof of
principles for how immunotherapy with TLRs agonists,
improves the clinical outcome of cancer patients. Given
the significant impact of TME on the therapeutic
effects of cancer treatments, modulation of TME by
TLR ligands seems to be the main mechanism by which
these immunomodulators induce anticancer effects and
enhance the therapeutic effects of other cancer treatments
in particular cancer vaccines.

The development of cancer vaccines is considered to
be a promising approach for cancer treatment due to its
specificity and long-lasting effects. Despite promising
results in preclinical studies, the effectiveness of cancer
vaccines in the induction of effective anti-cancer immune
responses and the therapeutic outcome of this method
remains poor in many clinical trials. Over the last two
decades, many studies have found that the main reason
behind the poor therapeutic efficacy of cancer vaccines
is related to immunosuppressive TME, which inhibits
the infiltration and function of anti-cancer immune

cells. Therefore, reversal of immunosuppression in
TME is suggested to be the main strategy for increasing
the therapeutic efficacy of cancer vaccines. One of the
effective methods to modulate immunosuppression in
TME is the use of TLR agonists, which have a successful
track record of use as adjuvants in cancer immunotherapy.
Based on the findings presented in this paper, TLR3, 4,
7, and 9 agonists, reverse the immunosuppression in
TME by activating different types of immune cells,
thereby positively influencing the therapeutic efficacy of
cancer vaccines and other conventional cancer therapies.
Altogether, these findings show that TLR ligands can be
beneficial in the treatment of cancer.
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