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Abstract

The field of cancer immunotherapy has been revolutionized with the use of immune checkpoint
blockade antibodies such as anti-programmed cell death 1 protein (PD-1) and chimeric antigen
receptor T cells. Significant clinical benefits are observed in different cancer types with these
treatments. While considerable efforts are made in augmenting tumor-specific T cell responses
with these therapies, other immunotherapies that actively stimulate endogenous anti-tumor T cells
and generating long-term memory have received less attention. Given the high cost of cancer
immunotherapies especially with chimeric antigen receptor T cells, not many patients will have
access to such treatments. The next-generation of cancer immunotherapy could entail in vivo
cancer vaccination to activate both the innate and adaptive anti-tumor responses. This could
potentially be achieved via /in vivotargeting of dendritic cells which are an indispensable link
between the innate and adaptive immunities. Dendritic cells highly expressed toll-like receptors
for recognizing and eliminating pathogens. Synthetic toll-like receptors agonists could be
synthesized at a low cost and have shown promise in preclinical and clinical trials. As different
subsets of human dendritic cells exist in the immune system, activation with different toll-like
receptor agonists could exert profound effects on the quality and magnitude of anti-tumor T cell
responses. Here, we reviewed the different subsets of human dendritic cells. Using published
preclinical and clinical cancers studies available on PubMed, we discussed the use of clinically
approved and emerging toll-like receptor agonists to activate dendritic cells in vivo for cancer
immunotherapy. Finally, we searched www.clinicaltrials.gov and summarized the active cancer
trials evaluating toll-like receptor agonists as an adjuvant.
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Introduction

Compelling evidences now demonstrated that the human immune system plays an important
role in tumor surveillance and suppression. Dendritic cells (DCs) are the first-line of defense
against invading pathogens and actively participate in tumor surveillance by removing
damaged tissues in the microenvironment. Being potent antigen-presenting cells (APCs),
DCs can initiate and regulate immune responses including anti-tumor responses. DCs
follows two major developmental pathways from CD34" hematopoietic progenitor cells to
become either lymphoid-derived plasmacytoid DCs (pDCs) or myeloid-derived conventional
DCs [1, 2]. The myeloid-derived DCs are further classified based on their tissue location,
phenotype, cytokine and chemokine production, and the immune responses they elicit.
(Figure 1). Myeloid monocyte-derived DCs are most widely used for tumor immunotherapy.
They are differentiated ex vivo from peripheral monocytes with recombinant granulocyte-
macrophage colony stimulating factor (GM-CSF) and interleukin (IL)-4. They are highly
efficient in antigen phagocytosis and production of IL-12 [3, 4], as well as eliciting anti-
tumor T cell responses. However, their ex vivo production is laborious and costly. An
attractive alternative is to target DCs /n vivo with appropriate tumor antigens and activating
them to produce proinflammatory cytokines.

Toll-like receptors (TLRs) are an integral part of the innate immunity for recognizing and
eliminating invading pathogens [5-7]. They are predominantly expressed by immune cells
such as DCs, macrophages and monocytes. Activation of TLRs by their corresponding
ligands (e.g. natural conserved pathogen-associated molecular patterns [PAMPS] or
synthetic) leads to inflammatory cytokines and chemokines productions that exert multiple
effects on both innate and adaptive immunities [8, 9]. Thus, TLR activation in the context of
cancer could potentially influence the activation, magnitude and quality of anti-tumor T cell
responses. Ten different TLRs have been characterized in the human immune system —
TLR1, 2, 4,5, 6 and 10 are expressed on the cell surface, whereas TLR7, 8 and 9 are
expressed in endosomal/lysosomal membranes of the cell. TLR3 is expressed in different
cell types including immune cells [10-14]. It is interesting to note that some of the most
effective vaccines, such as the live-attenuated yellow fever vaccine 17D (YF-17D), owe their
effectiveness through simultaneous activation of different DC subsets to produce
proinflammatory cytokines including IL-12, IL-6 and interferon (P)-a that stimulate T
helper (Th) 1 and 2 responses [15, 16]. Table 1 summarizes a selection of TLR agonists that
have been used for /n vivo DC targeting.

Lymphoid-derived plasmacytoid DCs

Lymphoid-derived plasmacytoid DCs (tns) is a unique subset that localize in the lymph
nodes (LNSs), spleen, blood, mucosal-associated tissues, thymus and liver in normal
physiological condition. Under pathological conditions including lymphoid hyperplasia of
the skin [17], cutaneous systemic lupus erythematosus (SLE), psoriasis vulgaris, contact
dermatitis and allergic mucosa [18], pDCs are also found in the skin. Unlike their myeloid
counterparts, pDCs does not depend on GM-CSF for differentiation. Instead, they follow a
distinct developmental pathway that uses IL-3 and Fms-like tyrosine kinase 3 ligand (FIt3L)
[19]. pDCs play an important role against viral infections. They are the main producers of

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 3

Type | IFN-a and -p against invading viruses, and modulate different aspects of innate,
adaptive and humoral immune responses via these cytokines [20]. The IFN-a/p secreted by
pDCs could exert numerous effects including promoting pDC survival, inducing the
differentiation of myeloid-derived DCs [21], facilitating crosspresentation and crosspriming
of DCs [22], shaping both T helper (Th) 1 and CD8* T cell responses, activating natural
killer (NK) cells, and inducing the generation of plasma cells and primary antibody
responses against viruses [23, 24]. pDCs also efficiently expanded antigen-specific CD8* T
effector cells, demonstrating their importance in adaptive immunity against subsequent viral
infections [25].

In cancers, pDCs are shown to play contrasting roles. In murine B16 melanoma, pDCs were
activated by TLR agonists to express tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL), granzymes B and C for potential tumor killing. The activated pDCs also
produced IFN-a to promote tumor cell lysis by cytotoxic T cells (CTLs) and NK cells [26—
28]. In a murine orthotropic mammary tumor model, pDCs were stimulated /n vivo via
TLR7 agonist administration to elicit anti-tumor responses [29]. In a melanoma trial, treated
subjects showed tumor-specific CD4* and CD8" T cell responses after receiving ex vivo
generated blood-derived pDCs that were loaded with tumor-associated antigens (TAAS) [30].
On the other hand, some studies indirectly showed that tumor-infiltrating pDCs were
defective in Type | IFN secretion [31-35], and produced immunosuppressive factors that
assisted in tumor progression [36]. Also, tumor-infiltrating pDCs were significantly
impaired in their TLR9 expression and responsiveness [34, 37, 38]. Moreover, tumor-
infiltrating pDCs could be polarized by immunosuppressive indoleamine 2,3-dioxygenase
(IDO) in the tumor microenvironment to secret I1L-10 for T regulatory (Treg) cell
proliferation [39-42].

Targeting pDCs with TLR7/8 agonists

Human pDCs distinctly express blood-derived cell antigen (BDCA)-2, BDCA-4 (CD304/
Neuropilin), ILT-7 and IL-3Ra chain (CD123) [43]. They also express TLR7 and 9 for
recognizing viral nucleic acid and bacterial DNA with unmethylated cytosine-
phosphateguanine (CpG) sequences, respectively [44-46]. Imiquimod (R-837), a US Food
and Drug Administration (FDA)-approved synthetic TLR7 agonist, has been used
successfully as a topical treatment for superficial basal cell carcinomas [47-49], human
papilloma virus (HPV)-mediated external genital warts and actinic keratosis [50-53]. It
effectively induces strong infiltrations of IFN-a producing pDCs, T and NK cells in the
treated carcinomas [54, 55]. In metastatic melanoma, Imiquimod given topically with
intradermal injection of NY-ESO-1 protein induced activation of pDCs, NK cells, and
elicited IFN-y secretion from CD4* T cells [56, 57]. In vulvar intraepithelial neoplasia,
Imiquimod given topically elicited CD8" T cells and NK cells responses and 35% of the
subjects remained disease-free for more than a year [58]. In metastatic breast cancer, clinical
responses were observed in subjects who applied Imiquimod topically 5 days per week for 8
weeks to their chest wall [59]. Six out of 8 subjects showed partial responses or stable
diseases, and tumor regression was associated with the presence of tumor-infiltrating CD4*
and CD8* T cells [59]. In a Phase I breast cancer trial, 15 subjects applied Imiquimod
topically to targeted lesions on 4 consecutive days per week for 12 weeks [60]. Albumin
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bound paclitaxel (100mg/m?) was also given intravenously once weekly for 3 weeks and
repeated every 28 days for 12 weeks. Ten subjects experienced complete and partial
responses [60]. The clinical response was short-lived, suggesting that longer course of
treatment was needed. Nevertheless, these results demonstrated that Imiquimod is well-
suited as a topical agent to activate pDCs and T cell responses via TLR7. Two clinical trials
are currently evaluating the use of Imiquimod with radiotherapy and/or chemotherapy (Table
2).

852A (3M-001), like Imiquimod, is a small-molecule imidazoquinoline and synthetic
analogue of DNA/RNA oligonucleotide designed to bind specifically to the TLR7 of pDCs.
This binding mimics the recognition of single-stranded (ss) RNA in viral infection leading to
the production of IFN-a by pDCs, and eventual priming of specific immune responses [61—
64]. Compared to Imiquimod, 852A is several-folds more potent for TLR7 and almost 40
times more water-soluble at physiologic pH. Hence, 852A is well-suited for intravenous
administration as it is less extensively metabolized and eliminated than Imiquimod [65].
Oral, subcutaneous and intravenous have been investigated for 852A administration in
humans. However, the oral route showed very little efficacy compared to other routes and
was not discussed here. In a Phase | trial, 852A was given subcutaneously twice a week for
12 weeks to 15 subjects with recurrent ovarian, cervical and breast cancers. Increased sera
IP-10 and IL-1 receptor antagonist (IL-1RA) were observed, and one ovarian cancer subject
experienced stable disease and a cervical cancer subject remained disease-free for 18 months
[65]. In a Phase I trial of refractory metastatic melanoma, 852A was given intravenously 3
times a week for 12 weeks. Four out of 21 subjects experienced disease stabilization for
more than 3 months [66]. Three clinical trials evaluating the use of 852A in refractory solid
cancers (NCT00095160) and melanoma (NCT00189332, NCT00091689) have been
completed, and the results are pending.

Resiquimod (R-848; S-28463) interacts with TLR7 and 8 to induce secretions of IFN-a,
IL-6, -8, =12, and TNF-a from pDCs, and stimulating Th1 responses [67]. In a Phase | trial
of early-stage cutaneous T cell lymphoma (CTCL), 9 out of 12 subjects treated with 0.03%
or 0.06% topical Resiquimod gel showed improved or complete lesion clearance [68]. T cell
receptor sequencing revealed a reduction or complete elimination of the malignant T cells in
the responders. Significantly more IFN-y and TNF-a producing CD4* T cells were detected
in the high responders compared to the low responders [68]. In melanoma, subjects were
given full-length NY-ESO-1 protein emulsified in Montanide (100ug) subcutaneously and
topical application of 1g of 0.2% Resiquimod gel 3 times a week [69]. All the subjects
showed humoral responses against NY-ESO-1, and 16 out of the 20 evaluable subjects
showed CD4* T cells responses. In another study, 90% of the subjects with actinic keratosis
had complete clearance of their lesions after topical Resiquimod treatment [70]. These
results demonstrated the feasibility of using topical Resiquimod to activate pDCs for cancer
therapy. Resiquimod is being assessed as an adjuvant in melanoma-derived peptide
vaccinations and in autologous tumor lysate-pulsed DC vaccination in brain tumors [Table 2
and 4]. Given the promising results of Imiquimod and Resiquimod, one could envisage using
them topically to activate pDCs in the skin and mucosa-associated tissues to elicit humoral
and cellular anti-tumor responses. As more results become available attesting the
effectiveness of 852A, one could envisage giving it subcutaneously or intravenously to target
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pDCs residing in the blood, spleen and LNs. An emerging TLR7 agonist, Gardiquimod
which is structurally similar to Imiqumod and Resiquimod, could exert anti-tumor effects in
preclinical studies including inhibiting tumor cell growth [71] and triggering their apoptosis
[72], and together with Imiquimod augmented tumor-lysate loaded DC therapy in B16
murine melanoma [71]. Other novel TLR7/8 agonists including DSP-0509, MEDI19197,
NKTR-262 and LHC165 are currently being investigated in combination with immune
checkpoint inhibitors, radiotherapy and/or chemotherapy (Table 2).

Targeting pDCs with TLR9 agonists

pDCs express TLR9 for specific recognition of unmethylated CpG motifs in bacteria and
DNA viruses [73-77]. Upon stimulation with CpG, pDCs upregulated CD40, CD54, CD80,
CD86 and MHC class Il [78-80], and produced IFN-a,, IL-1, IL-6, IL-12, IL-18 and TNF-a
[81] to activate other immune cells. pDCs also differentiated into potent APCs and increased
their resistance to IL-4-induced apoptosis [82]. As CpG has powerful effects on pDCs and
subsequent Th1l responses, it shows promise as a cancer adjuvant [21, 83-86]. Four classes
of synthetic CpG-oligodeoxynucleotides (CpG ODNSs) ligands, i.e. Class A, B, C and P, are
generated to mimic the immunostimulatory activity of CpG on pDCs [76, 87]. They differ in
nucleotide sequences and lengths, and exhibit different functional properties. Class A (D-
type) enters the lysosome compartments of pDCs to stimulate strong IFN-a production, as
well as activate NK cells via its palindromic structure. Class B (K-type) traffics to the
endosomal compartments of pDCs to stimulate their maturation and antigen-presentation
and induces upregulation of costimulatory molecules on B cells. However, it elicits poor
IFN-a. production due to its nonpalindromic sequences [87-89]. Class C exhibits
stimulatory properties of both Class A and B CpG ODNSs [90, 91]. Class P contains two
palindromic sequences and thus has greater ability than Class C in inducing IFN-a secretion
[92, 93]. All of them elicit strong Th1 responses [94].

In IGROV-1 human ovarian adenocarcinoma, tumor-bearing athymic mice receiving
repeated intraperitoneal injections of ODN1826 (Class B) showed ascites regression and
increased survival [95]. Mice treated intraperitoneally survived significantly longer than
mice treated subcutaneously or intravenously with the same CpG ODNSs [96]. Moreover,
mice receiving CpG ODNSs intraperitoneally showed higher level of sera and tissue C-X-C
motif chemokine ligand 1 (CXCL1), and increased circulating NK cells and neutrophils
[96]. Subcutaneous administration of CpG ODN 7909 (Class B; Agatolimod; PF-3512676;
ProMune®) in healthy volunteers elicited strong IFN-a., 1L-12p40, IL-6 and IP-10
secretions at the injection site and draining LNs for 2 weeks. Interestingly, intravenous
administration of CpG ODN 7909 even at 128-fold higher dose did not induce any immune
responses [97]. In a Phase | melanoma trial, increased circulating MART-1 specific CD8*
effector memory T cells was detected in the subjects after 4 monthly subcutaneous
vaccinations of CpG ODN 7909, MART-1 peptide and incomplete Freund’s adjuvant [98].
Similarly, CpG ODN 7909 co-administered with NY-ESO-1 peptides/proteins and
Montanide ISA-51 subcutaneously led to an overall increased in antigen-specific CD8* T
cells [57, 99, 100] that persisted for 3 years after vaccinations [100]. Furthermore,
administrating CpG ODN 7909 subcutaneously activated both pDCs and myeloid DCs and
priming Thl-related cytokines and anti-tumor CD8* T cell responses [97, 101]. In a Phase
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I/11 B cell lymphoma trial, 13 subjects treated intratumorally with SDS-101 (Class C CpG
ODN) and low-dose radiation showed decreased tumor size and increased CD8* T cell in the
treated lesions (NCT02254772). SDS-101 is currently being investigated in cancer trials in
combination with anti-TNF receptor superfamily member 4 (OX40) antibody,
pembrolizumab and ibrutinib [Table 3]. Clinical evaluation is also warranted for
intraperitoneal administration of CpG ODNSs as this route has shown promise in preclinical
tumor models.

IMO-2125, a novel synthetic TLR9 agonist, was shown to suppress murine A20 lymphoma
and CT26 colon carcinoma [102]. An increased in CD3* tumor-infiltrating T cells (TILs)
was observed following intratumoral IMO-2125 administration, and further studies showed
that CD8" T cells were required for tumor control. Increased immune checkpoint gene
expressions including programmed cell death protein (PD)-1, PD-ligand 1 (PD-L1), OX40
and OX40 ligand, and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) were
observed following IMO-2125 treatment, suggesting that immune checkpoint therapies
could be combined with IMO-2125 for improved efficacy. Currently, 3 clinical trials are
assessing the efficacy of IM0-2125 with ipilimumab and/or pembrolizumab in metastatic
melanoma [Table 3]. Numerous novel TLR9 agonists, including MGN1703 (lefitolimod,;
DNA-based agonist), DUK-CPG-001 (synthetic CpG-rich oligonucleotide), DV281
(aerosolized synthetic C-class ODN for lung cancer treatment), and CMP-001 (virus-like
particle-encapsulated agonist with unmethylated CpG motif-rich G10 oligonucleotides) are
being tested in cancer trials (Table 3).

CpG ODNSs could synergize with other TLR agonists to increase their overall potencies
through activation of multiple DC subsets. CpG ODNs synergized with flagellin, a TLR5
agonist that binds to TLR5 on dermal DCs, to induce anti-tumor immunity in mice [103].
CpG synergized with Poly I:C (polyinosinic-polycytidylic acid), a TLR3 agonist recognized
by TLR3 on Langerhans cells (LCs), to induce IL-6 and IL-12 productions from the DCs
and promote anti-tumor responses [104]. The adjuvant AS15, which contains a TLR4
agonist monophosphoryl lipid A (MPLA) and CpG ODN 7909, is used to boost anti-tumor
responses elicited by full-length recombinant PRAME (PReferentially Expressed Antigen of
Melanoma) in non-small cell lung carcinoma (NSCLC) [NCT01853878].

Langerhans cells

Langerhan cells (LCs) reside in the basal and supra-basal layers of the epidermis, where they
form a dense network of first-line defense against invading pathogens [105]. LCs and dermal
DCs are the two major DC subsets found in the human skin. Although they develop from a
common bone-marrow myeloid precursor, these DC subsets express distinct phenotypic
markers and induce predominantly different types of immune responses. LCs express
Langerin (CD207), Birbeck granules, DEC-205 (CD205), DCIR (DC immunoreceptor)/
CLEC4A and TLR1, 2, 3, 6 and 10 [106]. LCs seem to regulate cellular immunity, while
dermal DCs distinctly regulate the humoral immunity. This notion was supported by murine
studies showing that activated dermal DCs migrated into the outer paracortex beneath the B
cell follicles and LCs entered the T cell-rich inner paracortex [107]. In human, LCs pulsed
with tumor or viral peptides were superior to CD14* dermal DCs in priming high-avidity
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antigen-specific CD8* CTLs that expressed higher levels of granzymes and perforin [108].
This might be due to LCs preferentially produce strong level of IL-15 that is known to
enhance naive CD8* T cell proliferation and stimulate memory T cell development [109].
Interestingly, the presence of LCs in tumor lesions was positively correlated with better
prognosis in gastric carcinoma [110]. Similarly, more LCs were found in low-stage breast
and uterine carcinomas than in advanced-stage cancers [111, 112]. These results suggested
that human LCs play a role in tumor immunity.

Targeting LCs with TLR3 agonists

Poly I:C, a synthetic double-stranded (ds) RNA that binds to TLR3, can be used to target
LCs as well as BDCA-3*CD141* myeloid DCs in the blood, LNs and other secondary
lymphoid organs via their TLR3. Poly I:C can mature these DCs leading to productions of
IL-12p70, IFN-a, IFN-B, and IFN-inducible chemokines, including RANTES (CCL5) and
IL-6 [113]. As Poly I:C causes serious side-effects including shock, renal failure, and
hypersensitivity reactions [114], Poly(1:C12U) [Ampligen®, Hemispherx] is developed by
introducing unpaired bases (uracil and guanine) to create regions of mismatches for
accelerated hydrolysis. Poly(1:C12U) shows markedly reduced systemic toxicity as it binds
only to TLR3, while Poly I:C binds to both TLR3 and melanoma differentiation-association
antigen-5 [115]. Poly(1:C12U) was as effective as Poly I:C in stimulating IL-12 secretion in
mature DCs ex vivo[116]. In a randomized placebo-controlled double-blinded trial, HIV-
positive subjects were given Poly(1:C12U) intravenously with minimal side-effects [117].
Significantly, fewer treated subjects showed disease progression compared to the placebo
group [117]. Poly(l:C12U) was given intravenously to treat chronic fatigue syndrome in a
randomized, placebo-controlled, double-blind study. It improved the symptoms of the
treated subjects [118, 119].

Poly-ICLC, a RNAse-resistant Poly I:C stabilized with poly-lysine (Hiltonol®, Oncovir),
could upregulate type I and Il IFNs, and activate the complement system and inflammasome
signaling [120]. In malignant glioma, 38 subjects were given 2 or 3 low doses of poly-ICLC
(~1-2mg) intramuscularly for 56 months with little toxicity [121]. Twenty subjects
experienced tumor regression or stabilization, with the median survival of 8 years and 19
months for subjects who had anaplastic astrocytoma and malignant gliomas, respectively. In
an open-label, single-arm Phase Il trial, 55 subjects with recurrent supratentorial anaplastic
glioma treated with Poly-ICLC (20ug/kg/intramuscularly) thrice weekly in a 4-week cycle
showed a partial objective radiographic response (5 subjects) and stable diseases (18
subjects) [122]. In a Phase I/11 trial, subjects with glioblastoma multiforme, anaplastic
astrocytoma, oligodendroglioma and oligoastrocytoma were treated with peptide-pulsed
myeloid monocyte-derived DCs [1 or 3 million/dose at 2-week intervals] and Poly-ICLC
(20ug/kg/intramuscularly twice weekly) [123]. Significant upregulation of type-1 cytokines
and chemokines, including IFN-a and CXCL10 was observed, and 9 subjects achieved
progression-free status lasting 12 months. In a Phase | trial of 45 subjects with advanced
malignancies, CDX-1401 (monoclonal anti-DEC-205 fused to full-length NY-ESO-1
injected intracutaneously to the dermal and subcutaneous layers) together with Resiquimod
and/or Poly-ICLC given topically or subcutaneously [124]. Humoral and cellular responses
to NY-ESO-1 were detected in the subjects, and 13 subjects had disease stabilization of a
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median duration of 6.7 months. Six out of 8 subjects who received anti-CTLA-4 within 3
months after CDX-1401 treatment showed objective tumor regression. Currently, 23 active
cancer trials are evaluating Poly-ICLC (www.clinicaltrials.gov) and a selection was listed in
Table 4.

Dermal DCs

Dermal (also called interstitial) DCs are found in the papillary dermis layer of the skin
(120). Three different subsets existed — 1) BDCA-1*(CD1¢*)CD11c¢*CD147; 2) BDCA-1*
(CD1c*)CD11c*CD14* ([125]); and 3) BDCA-3*(CD141*)XCR1* [126]. The CD14*
dermal DC subset expresses many C-type lectins including DC-SIGN (DC-specific
intercellular adhesion molecule-3-grabbing non-integrin), LOX-1 (lectin-like oxidized LDL
receptor-1), CLEC-6 (C-type lectin domain family 1 member-6), dectin-1, DCIR /CLEC4A,
and TLR2, 4, 5, 6, 8 and 10 [106, 127]. They distinctly regulate B cell differentiation via the
secretion of 1L-12 that activates CD4* T cells. The activated CD4* T cells would secrete
IL-21 to stimulate B cell differentiation and antibody class switching from IgM to IgG and
IgA [128, 129] and produce CXCL13 to promote B cell homing to the follicular center
[108]. Compare to LCs, CD14* dermal DCs produce various cytokines including IL-1p,
IL-6, IL-8, IL-10, IL-12, GM-CSF, monocyte chemoattractant protein (MCP) and
transforming growth factor (TGF)-p after CD40 stimulation [108]. The recently identified
BDCA-3"(CD141*)XCR1* DCs might play a critical role in maintaining tissue homeostasis,
inducing immune tolerance, and mounting responses against invading pathogens [126, 130,
131]. They could present self-antigens, produce high levels of IL-10 to activate Treg cells
[126], and crosspresent soluble antigens [130, 132].

Targeting dermal DCs with TLR2, 4 and 6 agonists

Monophosphoryl lipid A (MPLA) is a chemically modified, detoxified version of the
lipopolysaccharides (LPS) derived from the outer membrane of the Gram-negative
Salmonella Minnesota [133-135]. Both MPLA and LPS interact with the TLR2 and 4 on
CD14* dermal DCs to induce Th1-priming cytokine secretions including IL-12p70 and IFN-
y-inducible protein-10 (IP-10). MPLA is the first and only TLR agonist used in licensed
human vaccines, e.g. Cervarix® a prophylactic vaccine against HPV types 16 and 18.
GlaxoSmithKline has developed a series of adjuvant systems (i.e. AS01-04) for evaluation
against malaria, tuberculosis, leishmania, HIV, vesicular stomatitis virus and cancers [136].
ASO01 is formulated with liposomes and MPLA for inducing antibody and CTL responses,
while AS02 is an oil-in-water emulsion containing MPLA and QS-21 (a purified component
of Quil-A) to stimulate strong antibody and Th1 responses. AS04 is an aqueous formulation
of MPLA and alum for eliciting higher specific antibody titers with fewer injections [136]. A
TLR4 agonist, amino alkyl glucosamimide phosphates, has been licensed for use in a
Hepatitis B Virus vaccine (Dynavax®). Emerging TLR4 agonist, synthetic glycolipid
GSK1795091 (CRX-601), is being evaluated in healthy volunteers and advanced solid
tumors [Table 5]. Another TLR4 agonist, glucopyranosyl lipid A (GLA), is a synthetic
derivative of the LPS lipid A tail that shows limited toxicity. GLA-stable emulsion (GLA-
SE; G100), is being evaluated for intramuscular injections with NY-ESO-1 recombinant
protein in metastatic cancers (NCT02015416) and MART-1 antigen peptide in resected
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melanoma (NCT02320305) [136]. It is also tested intratumorally in combination with
radiotherapy in soft tissue sarcomas, and pembrolizumab in Follicular non-Hodgkin’s
lymphoma [Table 5]. Using a human skin explant model, intradermal injection of GLA-SE
or LPS enhanced the emigration of LCs and induced the maturation of both LCs and CD14~
dermal DCs [137]. These activated DCs in turn stimulated a strong T cell proliferation.
Hence, more studies are warranted to evaluate the use of GLA-SE intradermally in cancer
treatment.

Mycobacterium bovis Bacillus Calmette-Guérin (BCG), a bacterium closely related to the
bacterial strain that causes tuberculosis in human, could activate DCs via TLR2, 4 and
nucleotide binding oligomerization domain (NOD)-like receptor (NLR)-2 through
interactions with its peptidoglycan cell wall skeleton [138]. BCG has been approved by FDA
for treating bladder cancer for more than 30 years [139], as wells as an adjuvant with MPLA
in an allogeneic cell-based vaccine (Melacine®) for melanoma [140]. In Phase 111 colorectal
carcinoma trials, subjects were treated successfully with an autologous whole tumor lysate
vaccine and BCG as adjuvant [141-143]. In the largest study, 412 subjects received 3
intradermal vaccinations (1x107 irradiated tumor cells/dose/week) 4 weeks after surgery
together with 1x107 BCG in the first two vaccines. The magnitude of the DTH response was
correlated with improved prognosis [144]. Meta-analysis of these trials showed that the
treatment provided significant clinical benefits in a subset of subjects with stage Il colorectal
carcinoma [143]. In contrast, renal cell carcinoma subjects treated the same way developed
severe reactions and skin ulceration at the injection sites [145]. The 5-year overall survival
between the treated (69%) and control (78%) subjects did not reach statistical significance.
No clinical benefits were observed in a Phase 111 renal cell carcinoma trial using the same
treatment [141]. Instead, several Phase 111 renal cell carcinoma trials using autologous tumor
cell lysate vaccine alone showed promising results [146-148]. In melanoma, subjects
receiving both BCG and Imiquimod showed encouraging clinical responses [149]. These
results suggested that BCG might exert different effects in different cancer types and should
be investigated carefully.

Macrophage-activating lipopeptide (MALP)-2, a synthetic lipopeptide analogue of the
mycoplasma cell wall lipoprotein M161Ag, could bind to both TLR2 and 6 to activate NF-x
and cytokines and chemokines synthesis in mouse [150] and human DCs [151], as well as
stimulating DC maturation [152]. In a Phase I/l pancreatic carcinoma trial, 10 subjects
treated with MALP-2 (20 to 30ug/intratumorally/dose) and post-operative gemcitabine
showed a mean survival of 17.1+4.2 months and 2 patients remained alive 31 months post-
treatment [153]. Another dual TLR2 and 6 agonist, CBLB612, is a synthetic lipoprotein that
has been evaluated in a Phase Il trial for protection against neutropenia while on doxorubicin
and cyclophosphamide treatments in breast cancer (NCT02778763). Its anti-tumor property
was not investigated in the trial. CADI-05, a novel TLR2 agonist targeting desmocollin-3
(DSC3)-expressing cancer cells, was assessed in preclinical and clinical studies. In
preclinical models, CADI-05 effectively suppressed small DSC3-expressing tumors, and
synergized with chemotherapy and immune checkpoint inhibitors to increase IFN-y
secreting TILs and macrophages [154, 155]. In clinical studies, CADI-05 given together
with chemotherapy \in NSCLC led to improved outcome [156]. In a randomized, multicenter
trial, CADI-05 was evaluated for synergistic effects with cisplatin and paclitaxel in NSCLC
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[157]. No significant survival benefit was observed between subjects receiving
chemotherapy and chemotherapy plus CADI-05 [208 versus 196 days; hazard ratio
(HR)=0.86; 95% confidence interval (Cl) 0.63-1.19; P=0.3804]. However, subgroup
analysis showed that squamous NSCC subjects receiving chemotherapy plus CADI-05
experienced a slight improvement in median survival by 127 days (HR=0.55; 95% CI 0.32—
0.95; P=0.046). It has been shown that TLR2 ligation could promote tumor-infiltrating Treg
cells and IL-10 production [158], thus raising concerns of using TLR2 agonists as cancer
adjuvants. More preclinical studies are needed to clarify this observation.

BDCA-1* and BDCA-3* blood DCs, and targeting them with TLR8 agonists

BDCA-1" DCs constitute the majority of the myeloid-derived DCs in the LNs, and express
CD1a, CD11c, CD11b and CD172a (signal-regulatory protein [SIRP]-a.). The BDCA-3*
DCs are present as a smaller population and uniquely express CLEC9A which is a C-type
lectin with ITAM-like motif [159], CADM1 (cellular adhesion molecule-1; NECL?2), XCR1,
CD1la and CD11c. They also show distinct TLR expressions, i.e. BDCA-1* DC express
TLR1 and 6, while BDCA-3* DCs express TLR3 and 8. The BDCA-3* DCs could be
activated by TLR3 stimulation to secrete 1L-12 [131], and efficiently crosspresented antigens
to CD8* T cells [130]. Due to their low frequencies, the functions of these DCs have not
been well-characterized. Nevertheless, based on their TLR expressions, they might
specialize in mounting immune responses against different types of pathogens. BDCA-1*
DCs could be targeted with TLR6 agonists, while BDCA-3* DCs could be targeted with
TLR3 and 8 agonists.

A novel small molecule TLR8 agonist, VTX-2337 (Motolimod; VentiRx Pharmaceuticals,
USA), could specifically stimulate TNF-a and IL-12 secretions from human myeloid DCs
and monocytes. It also induced NK cells to produce IFN-y and augmented antibody
dependent cell-mediated cytotoxicity (ADCC) by rituximab and trastuzumab [160]. In a
Phase | open-label trial, 38 subjects with advanced solid tumors and lymphoma were treated
with ascending dose of VTX-2337 (0.1-3.9mg/m?/subcutaneously on Day 1, 5 and 8 on
each 28-day cycle) [161]. Subjects who received doses of >0.4mg/m?2 showed elevated
plasma granulocyte-colony stimulating factor (G-CSF), MCP-1, macrophage inflammatory
protein (MIP)-1p and TNF-a.. Eight subjects experienced stable diseases (median duration
of 54.5 days). VTX-2337 was also evaluated in combination with cetuximab in a Phase Ib,
open-label, dose-escalation study of squamous cell carcinoma of the head and neck
(SCCHN) [162]. Thirteen subjects with recurrent or metastatic SCCHN were given
VTX-2337 at 2.5, 3.0 or 3.5 mg/m? on day 1, 8 and 15 together with a fixed weekly dose of
cetuximab in 28-day cycles. The maximum tolerated dose of VT-2337 was determined to be
at 3.0 mg/m2. Two subjects achieved partial responses, and 5 subjects experienced stable
diseases. An increased in the frequency of activated circulating NK cells were also detected.
A Phase Il, randomized double-blind trial was conducted to further evaluate the anti-tumor
effects of VTX-2337 in a cohort of 195 SCCHN subjects [163]. The subjects received 6
chemotherapy cycles consisting of platinum (carboplatin or cisplatin), fluorouracil,
cetuximab, and either placebo or VTX-2337 intravenously every 3 weeks. Then, each
subject continued to receive weekly cetuximab with either placebo or VTX-2337 every 4
weeks. There were no significant differences in the progression-free survival (PFS) [6.1
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versus 5.9 months; HR=0.99; 1-sided 90% CI, 0.00-1.22; P=0.47] and overall survival (OS)
[13.5 versus 11.3 months; HR=0.95; 1-sided 90% CI, 0.00-1.22; P=0.4] between the
VTX-2337 and the placebo-treated groups. However, a subgroup analysis revealed that
HPV-positive subjects treated with VTX-2337 and not placebo showed a significantly longer
PFS (7.8 versus 5.9 months; P=0.046) and OS (15.2 versus 12.6 months; P=0.03).

VTX-2337 was also being evaluated in combination with pegylated liposomal doxorubicin
(PLD) in ovarian carcinomas (NCT01666444 and Table 2). In a Phase Il randomized,
double-blind trial, 297 subjects with recurrent epithelial ovarian carcinoma were treated with
PLD (for inducing immunogenic tumor cell death) in combination with either VTX-2337 or
placebo for 28-day cycles until disease progression. [164]. It was shown that PLD and
VTX-2337 combination did not significantly improve the PFS [4.8 versus 5.2 months in the
PLD plus placebo; log rank one-sided P=0.943, HR=1.21] and OS [18.1 versus 18.9 months
in PLD plus placebo; log rank one-sided P=0.923, HR=1.22] of the treated subjects.
Evaluation of TILs, TLR8 single-nucleotide polymorphisms, autoantibody biomarkers,
BRCA and DNA repair gene mutation status did not correlate with the PFS and OS of the
subjects. Interestingly, significantly longer OS was observed in subjects who experienced an
injection site reaction (ISR) after VTX-2337 treatment compared to the subjects who did not
experience an ISR after VTX-2337 treatment (19.8 versus 13.3 months; P=0.067). Further
analysis also revealed that subjects who had higher baseline responses of IFN-y (P=0.049),
TNF-a (P=0.041), or IL-12p40 (P=0.024) to ex vivo VTX-2337 stimulation of their PBMCs
prior to VTX-2337 treatment survived longer than subjects who had low baseline responses
of these cytokines prior to VTX-2337 treatment. These data suggested that the immune
fitness of the cancer subjects (e.g. the presence of a strong pre-existing immunity against the
tumor) might be important in the VTX-2337 treatment outcome. Additionally, viral infection
in cancer might create a proinflammatory milieu that enhances VTX-2337 treatment (e.g.
prolonged PFS of HPV-positive SCCHN subjects as described earlier). These data
underscore the complexity of the immune responses of cancer patients, and screening
methods could be tailored to help select suitable subjects for future VTX-2337 cancer
studies. Another novel benzazepine TLR8 agonist, VTX-294, was found to be more potent
than MPLA, R848 or CL0O75 (a synthetic TLR7/8 agonist) in inducing TNF-a and IL-1B
production from newborn cord blood and upregulated HLA-DR and CD86 in hewborn
monocyte-derived DCs [165]. Production of these cytokines was further enhanced when
VTX-294 was combined with MPLA, thus suggesting that VTX-294 is suitable as a vaccine
adjuvant in neonates.

Conclusions

In vivo cancer vaccination could be achieved via /n vivo targeting of DCs with different
synthetic TLR agonists in different tissue compartments to elicit the type of immune
response desired. Several synthetic TLR agonists such as Imiquimod, CpG ODNs, MPLA
and BCG have been evaluated in the clinics and showed promising results against cancers.
Several novel TLR agonists have also been developed, and are currently being tested in
cancer clinical trials. Different TLR agonists could potentially synergized to increase the
overall efficacy of the treatment. /n vivo targeting of DCs with TLR agonists could serve as
a low-cost alternative or even complement existing immunotherapies such as immune

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 12

ch

eckpoint blockade antibodies. Indeed, several ongoing clinical trials are evaluating

different TLR agonists in combination with anti-PD-1, anti-CTLA-4 and anti-PD-L1 for

sy

Acknowledg

Th
Ex

nergistic anti-tumor effects.

ments

is work was supported by National Cancer Institute P01-CA83638 Ovarian Specialized Program of Research
cellence (SPORE), the Immunotherapy Initiative for Ovarian Cancer (ITI-OC), and the Markus Foundation.

Formatted references

1.

10

11.

12.

13.

Kushwah R, Hu J Complexity of dendritic cell subsets and their function in the host immune system.
Immunology 2011;133:409-419. [PubMed: 21627652]

.Wu L, Liu Y-J Development of dendritic-cell lineages. Immunity 2007;26:741-750. [PubMed:

17582346]

. Chiang CL, Hagemann AR, Leskowitz R, Mick R, Garrabrant T, Czerniecki BJ et al. Day-4 myeloid

denritic cells pulsed with whole tumor lysate are highly immunogenic and elicit potent anti-tumor
responses. PloS ONE 2011;6:e28732. [PubMed: 22194898]

. Chiang CL, Kandalaft L, Tanyi JL, Hagemann AR, Motz GT, Svoronos N et al. A Dendritic cell

vaccine pulsed with autologous hypochlorous acid-oxidized ovarian cancer lysate primes effective
broad antitumor immunity: from bench to bedside. Clin Cancer Res 2013;19:4801-4815. [PubMed:
23838316]

. Schreibelt G, Tel J, Sliepen KH, Benitez-Ribas D, Figdor CG, Adema GJ et al. Toll-like receptor

expression and function in human dendritic cell subsets: implications for dendritic cell-based anti-
cancer immunotherapy. Cancer Immunol Immunother 2010;59:1573-1582. [PubMed: 20204387]

. Bauer S, Hangel D, Yu P Immunobiology of toll-like receptors in allergic disease. Immunobiology

2007;212:521-233. [PubMed: 17544836]

. Takeda K, Kaisho T, Akira S Toll-like receptors. Annu Rev Immunol 2003;21:335-376. [PubMed:

12524386]

. Tsuneyasu K, Shizuo A Regulation of dendritic cell function through toll-like receptors. Curr Mol

Med 2003;3:373-385. [PubMed: 12776992]

. Hochrein H, O’Keeffe M Dendritic cell subsets and toll-like receptors. Handb Exp Pharmacol

2008;183:153-179.

. Ueta M, Hamuro J, Kiyono H, Kinoshita S Triggering of TLR3 by polyl:C in human corneal
epithelial cells to induce inflammatory cytokines. Biochem Biophys Res Commun 2005;331:285-
294. [PubMed: 15845391]

Groskreutz DJ, Monick MM, Powers LS, Yarovinsky TO, Look DC, Hunninghake GW
Respiratory syncytial virus induces TLR3 protein and protein kinase R, leading to increased
double-stranded RNA responsiveness in airway epithelial cells. J Immunol 2006;176:1733-1740.
[PubMed: 16424203]

Matsumoto M, Funami K, Tanabe M, Oshiumi H, Shingai M, Seto Y et al. Subcellular localization
of Toll-like receptor 3 in human dendritic cells. J Immunol 2003;171:3154-3162. [PubMed:
12960343]

Matsumoto M, Kikkawa S, Kohase M, Miyake K, Seya T Establishment of a monoclonal antibody
against human Toll-like receptor 3 that blocks double-stranded RNA-mediated signaling. Biochem
Biophys Res Commun 2002;293:1364-1369. [PubMed: 12054664]

14. Hewson CA, Jardine A, Edwards MR, Laza-Stanca V, Johnston SL Toll-like receptor 3 is induced

15.

by and mediates antiviral activity against rhinovirus infection of human bronchial epithelial cells. J
Virol 2005;79:12273-12279. [PubMed: 16160153]

Querec T, Bennouna S, Alkan S, Laouar Y, Gorden K, Flavell R et al. Yellow fever vaccine
YF-17D activates multiple dendritic cell subsets via TLR2, 7, 8, and 9 to stimulate polyvalent
immunity. J Exp Med 2006;203:413-424. [PubMed: 16461338]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 13

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Pulendran B Learning immunology from the yellow fever vaccine: innate immunity to systems
vaccinology. Nat Rev Immunol 2009;9:741-747. [PubMed: 19763148]

Eckert F, Schmi U Identification of plasmacytoid t cells in lymphoid hyperplasia of the skin. Arch
Dermatol 1989;125:1518-1524. [PubMed: 2817916]

Wollenberg A, Wagner M, Gunther S, Towarowski A, Tuma E, Moderer M et al. Plasmacytoid
dendritic cells: a new cutaneous dendritic cell subset with distinct role in inflammatory skin
diseases. J Invest Dermatol 2002;119:1096-1102. [PubMed: 12445198]

Grouard G, Rissoan M-C, Filgueira L, Durand I, Banchereau J, Liu Y-J The enigmatic
plasmacytoid T cells develop into dendritic cells with interleukin (IL)-3 and CD40-ligand. J Exp
Med 1997;185:1101-1012. [PubMed: 9091583]

Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S et al. The nature of the
principal type 1 interferon-producing cells in human blood. Science 1999;284:1835-1837.
[PubMed: 10364556]

Jakob T, Walker PS, Krieg AM, Udey MC, Vogel JC Activation of cutaneous dendritic cells by
CpG-containing oligodeoxynucleotides: a role for dendritic cells in the augmentation of Thl
responses by immunostimulatory DNA. J Immunol 1998;161:3042-3049. [PubMed: 9743369]
Le Bon A, Etchart N, Rossmann C, Ashton M, Hou S, Gewert D, et al. Cross-priming of CD8+ T
cells stimulated by virus-induced type | interferon. Nat Immunol 2003;4:1009-1015. [PubMed:
14502286]

Le Bon A, Schiavoni G, D’Agostino G, Gresser |, Belardelli F, Tough DF Type | interferons
potently enhance humoral immunity and can promote isotype switching by stimulating dendritic
cells in vivo. Immunity 2001;14:461-470. [PubMed: 11336691]

Jego G, Palucka AK, Blanck J-P, Chalouni C, Pascual V, Banchereau J Plasmacytoid dendritic cells
induce plasma cell differentiation through Type | interferon and interleukin 6. Immunity
2003;19:225-234. [PubMed: 12932356]

Di Pucchio T, Chatterjee B, Smed-Sorensen A, Clayton S, Palazzo A, Montes M et al. Direct
proteasome-independent cross-presentation of viral antigen by plasmacytoid dendritic cells on
major histocompatibility complex class I. Nat Immunol 2008;9:551-557. [PubMed: 18376401]

Lombardi VC, Khaiboullina SF, Rizvanov AA Plasmacytoid dendritic cells, a role in neoplastic
prevention and progression. Eur J Clin Invest 2015;45:1-8.

Wenzel J, Bekisch B, Uerlich M, Haller O, Bieber T, Titing T Type | interferon—associated
recruitment of cytotoxic lymphocytes: a common mechanism in regressive melanocytic lesions.
Am J Clin Pathol 2005;124:37-48. [PubMed: 15923172]

Salio M, Cella M, Vermi W, Facchetti F, Palmowski MJ, Smith CL et al. Plasmacytoid dendritic
cells prime IFN-y-secreting melanoma-specific CD8 lymphocytes and are found in primary
melanoma lesions. Eur J Immunol 2003;33:1052-1062. [PubMed: 12672071]

Le Mercier I, Poujol D, Sanlaville A, Sisirak V, Gobert M, Durand | et al. Tumor promotion by
intratumoral plasmacytoid dendritic cells is reversed by TLR7 ligand treatment. Cancer Res
2013;73:4629-4640. [PubMed: 23722543]

Tel J, Aarntzen EHJG, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D et al. Natural human
plasmacytoid dendritic cells induce antigen-specific T-cell responses in melanoma patients. Cancer
Res 2013;73:1063-1075. [PubMed: 23345163]

Treilleux I, Blay J-Y, Bendriss-Vermare N, Ray-Coquard I, Bachelot T, Guastalla J-P et al.
Dendritic cell infiltration and prognosis of early stage breast cancer. Clin Cancer Res
2004;10:7466-7474. [PubMed: 15569976]

Faith A, Peek E, McDonald J, Urry Z, Richards DF, Tan C et al. Plasmacytoid dendritic cells from
human lung cancer draining lymph nodes induce Tc1 responses. Am J Respir Cell Mol Biol
2007,36:360-367. [PubMed: 17023687]

Bontkes HJ, Ruizendaal JJ, Kramer D, Meijer CJLM, Hooijberg E Plasmacytoid dendritic cells are
present in cervical carcinoma and become activated by human papillomavirus type 16 virus-like
particles. Gynecol Oncol 2005;96:897-901. [PubMed: 15721448]

Hirsch I, Caux C, Hasan U, Bendriss-Vermare N, Olive D Impaired Toll-like receptor 7 and 9
signaling: from chronic viral infections to cancer. Trends Immunol 2010;31:391-397. [PubMed:
20832362]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

Vermi W, Bonecchi R, Facchetti F, Bianchi D, Sozzani S, Festa S et al. Recruitment of immature
plasmacytoid dendritic cells (plasmacytoid monocytes) and myeloid dendritic cells in primary
cutaneous melanomas. J Pathol 2003;200:255-268. [PubMed: 12754747]

Francesca F, Gizzi S, Mosci P, Grohmann U, Puccetti P Tryptophan catabolism in IDO+
plasmacytoid dendritic cells. Curr Drug Metab 2007;8:209-216. [PubMed: 17430109]

Perrot I, Blanchard D, Freymond N, Isaac S, Guibert B, Pachéco Y et al. Dendritic cells infiltrating
human non-small cell lung cancer are blocked at immature stage. J Immunol 2007;178:2763-2769.
[PubMed: 17312119]

Hartmann E, Wollenberg B, Rothenfusser S, Wagner M, Wellisch D, Mack B et al. Identification
and functional analysis of tumor-infiltrating plasmacytoid dendritic cells in head and neck cancer.
Cancer Res 2003;63:6478-6487. [PubMed: 14559840]

Wei S, Kryczek I, Zou L, Daniel B, Cheng P, Mottram P et al. Plasmacytoid dendritic cells induce
CD8+ regulatory T cells in human ovarian carcinoma. Cancer Res 2005;65:5020-5026. [PubMed:
15958543]

Zou W, Machelon V, Coulomb-L’Hermin A, Borvak J, Nome F, Isaeva T et al. Stromal-derived
factor-1 in human tumors recruits and alters the function of plasmacytoid precursor dendritic cells.
Nat Med 2001;7:1339-1346. [PubMed: 11726975]

Gerlini G, Di Gennaro P, Mariotti G, Urso C, Chiarugi A, Pimpinelli N et al. Indoleamine 2,3-
dioxygenase+ cells correspond to the BDCA2+ plasmacytoid dendritic cells in human melanoma
sentinel nodes. J Invest Dermatol 2010;130:898-901. [PubMed: 19829303]

Ito T, Yang M, Wang Y-H, Lande R, Gregorio J, Perng OA et al. Plasmacytoid dendritic cells prime
IL-10-producing T regulatory cells by inducible costimulator ligand. J Exp Med 2007;204:105—
115. [PubMed: 17200410]

Cao W, Rosen DB, Ito T, Bover L, Bao M, Watanabe G et al. Plasmacytoid dendritic cell-specific
receptor ILT7-FceRIy inhibits Toll-like receptor—induced interferon production. J Exp Med
2006;203:1399-1405. [PubMed: 16735691]

Swiecki M, Colonna M Accumulation of plasmacytoid DC: Roles in disease pathogenesis and
targets for immunotherapy. Eur J Immunol 2010;40:2094-2098. [PubMed: 20853492]

Saadeh D, Kurban M, Abbas O Plasmacytoid dendritic cell role in cutaneous malignancies. J
Dermatol Sci 2016;83:3-9. [PubMed: 27236509]

Swiecki M, Colonna M The multifaceted biology of plasmacytoid dendritic cells. Nat Rev
Immunol 2015;15:471-485. [PubMed: 26160613]

Urosevic M, Dummer R, Conrad C, Beyeler M, Laine E, Burg G et al. Disease-independent skin
recruitment and activation of plasmacytoid predendritic cells following imiquimod treatment. J
Natl Cancer Inst 2005;97:1143-1153. [PubMed: 16077073]

Stary G, Bangert C, Tauber M, Strohal R, Kopp T, Stingl G Tumoricidal activity of TLR7/8-
activated inflammatory dendritic cells. J Exp Med 2007;204:1441-1451. [PubMed: 17535975]

Wolf IH, Kodama K, Cerroni L, Kerl H Nature of inflammatory infiltrate in superficial cutaneous
malignancies during topical imiquimod treatment. Am J Dermatopathol 2007;29:237-241.
[PubMed: 17519620]

Turza K, Dengel LT, Harris RC, Patterson JW, White K, Grosh WW et al. Effectiveness of
imiquimod limited to dermal melanoma metastases, with simultaneous resistance of subcutaneous
metastasis. J Cutan Pathol 2010;37:94-98. [PubMed: 19602071]

Schulze HJ, Cribier B, Requena L, Reifenberger J, Ferrandiz C, Garcia Diez A. et al. Imiquimod
5% cream for the treatment of superficial basal cell carcinoma: results from a randomized vehicle-
controlled phase 111 study in Europe. Br J Dermatol 2005;152:939-947. [PubMed: 15888150]
Ondo AL, Mings SM, Pestak RM, Shanler SD Topical combination therapy for cutaneous
squamous cell carcinoma in situ with 5-fluorouracil cream and imiquimod cream in patients who
have failed topical monotherapy. J Am Acad Dermatol 2006;55:1092—-1094. [PubMed: 17097406]
Moore RA, Edwards J, Hopwood J, Hicks D Imiquimod for the treatment of genital warts: a
quantitative systematic review. BMC Infect Dis 2001;1:3. [PubMed: 11401728]

Kupzig S, Korolchuk V, Rollason R, Sugden A, Wilde A, Banting G. Bst-2/HM1.24 is a raft-
associated apical membrane protein with an unusual topology. Traffic 2003;4:694—709. [PubMed:
12956872]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mouriés J, Moron G, Schlecht G, Escriou N, Dadaglio G, Leclerc C Plasmacytoid dendritic cells
efficiently cross-prime naive T cells in vivo after TLR activation. Blood 2008;112:3713-3722.
[PubMed: 18698004]

Adams S, O’Neill DW, Nonaka D, Hardin E, Chiriboga L, Siu K et al. Immunization of malignant
melanoma patients with full-length NY-ESO-1 protein using TLR7 agonist imiquimod as vaccine
adjuvant. J Immunol 2008;181:776-784. [PubMed: 18566444]

Valmori D, Souleimanian NE, Tosello V, Bhardwaj N, Adams S, O’Neill D et al. Vaccination with
NY-ESO-1 protein and CpG in Montanide induces integrated antibody/Th1 responses and CD8 T
cells through cross-priming. Proc Natl Acad Sci U S A 2007;104:8947-8952. [PubMed:
17517626]

van Seters M, van Beurden M, ten Kate FJW, Beckmann I, Ewing PC, Eijkemans MJC et al.
Treatment of vulvar intraepithelial neoplasia with topical imiquimod. N Engl J Med
2008;358:1465-1473. [PubMed: 18385498]

Adams S, Kozhaya L, Martiniuk F, Meng T-C, Chiriboga L, Liebes L et al. Topical TLR7 agonist
imiquimod can induce immune-mediated rejection of skin metastases in patients with breast
cancer. Clin Cancer Res 2012;18:6748-6757. [PubMed: 22767669]

Salazar LG, Lu H, Reichow JL, Childs JS, Coveler AL, Higgins DM et al. Topical imiquimod plus
nab-1FN for breast cancer cutaneous metastases: a phase 2 clinical trial. JAMA Oncol 2017;3:969-
973. [PubMed: 28114604]

Witt PL, Ritch PS, Reding D, McAuliffe TL, Westrick L, Grossberg SE et al. Phase I trial of an
oral immunomodulator and interferon inducer in cancer patients. Cancer Res 1993;53:5176-5180.
[PubMed: 8221654]

Schén MP, Schén M TLR7 and TLR8 as targets in cancer therapy. Oncogene 2008;27:190-199.
[PubMed: 18176600]

Smits EL, Ponsaerts P, Berneman ZN, Van Tendeloo VF The use of TLR7 and TLRS8 ligands for
the enhancement of cancer immunotherapy. Oncologist 2008;13:859-875. [PubMed: 18701762]

Meyer T, Stockfleth E Clinical investigations of Toll-like receptor agonists. Expert Opin Investig
Drugs 2008;17:1051-1065.

Dudek AZ, Yunis C, Harrison LI, Kumar S, Hawkinson R, Cooley S et al. First in human phase |
trial of 852A, a novel systemic toll-like receptor 7 agonist, to activate innate immune responses in
patients with advanced cancer. Clin Cancer Res 2007;13:7119-7125. [PubMed: 18056192]

Dummer R, Hauschild A, Becker JC, Grob J-J, Schadendorf D, Tebbs V et al. An exploratory
study of systemic administration of the toll-like receptor-7 agonist 852A in patients with refractory
metastatic melanoma. Clin Cancer Res 2008;14:856-864. [PubMed: 18245549]

Chang BA, Cross JL, Najar HM, Dutz JP Topical resiquimod promotes priming of CTL to
parenteral antigens. Vaccine 2009;27:5791-5799. [PubMed: 19660592]

Rook AH, Gelfand JM, Wysocka M, Troxel AB, Benoit B, Surber C et al. Topical resiquimod can
induce disease regression and enhance T-cell effector functions in cutaneous T-cell lymphoma.
Blood 2015;126:1452-1461. [PubMed: 26228486]

Sabado RL, Pavlick A, Gnjatic S, Cruz CM, Vengco I, Hasan F et al. Resiquimod as an
immunologic adjuvant for NY-ESO-1 protein vaccination in patients with high-risk melanoma.
Cancer Immunol Res 2015;3:278-287. [PubMed: 25633712]

Szeimies RM, Bichel J, Ortonne JP, Stockfleth E, Lee J, Meng TC A phase Il dose-ranging study
of topical resiquimod to treat actinic keratosis. Br J Dermatol 2008;159:205-210. [PubMed:
18476957]

Ma F, Zhang J, Zhang J, Zhang C The TLR7 agonists imiquimod and gardiquimod improve DC-
based immunotherapy for melanoma in mice. Cell Mol Immunol 2010;7:381-388. [PubMed:
20543857]

Weber A, Zimmermann C, Mausberg AK, Kieseier BC, Hartung HP, Hofstetter HH Induction of
pro-inflammatory cytokine production in thymocytes by the immune response modifiers
Imiquimod and Gardiquimod™. Int Immunopharmacol 2013;17:427-431. [PubMed: 23867290]
Le Hello C, Cohen P, Bousser MG, Letellier P, Guillevin L Suspected hepatitis B vaccination
related vasculitis. J Rheumatol 1999;26:191-194. [PubMed: 9918261]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kand

74

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

alaft Page 16

. Krieg AM, Yi AK, Matson S, Waldschmidt TJ, Bishop GA, Teasdale R et al. CpG motifs in
bacterial DNA trigger direct B-cell activation. Nature 1995;374:546-549. [PubMed: 7700380]

Takeshita F, Leifer CA, Gursel |, Ishii KJ, Takeshita S, Gursel M et al. Cutting Edge: role of Toll-
like receptor 9 in CpG DNA-induced activation of human cells. J Immunol 2001;167:3555-3558.
[PubMed: 11564765]

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H et al. A Toll-like receptor recognizes
bacterial DNA. Nature 2000;408:740-745. [PubMed: 11130078]

Bauer S, Kirschning CJ, Hacker H, Redecke V, Hausmann S, Akira S et al. Human TLR9 confers
responsiveness to bacterial DNA via species-specific CpG motif recognition. Proc Natl Acad Sci U
S A 2001;98:9237-9342. [PubMed: 11470918]

Kerkmann M, Rothenfusser S, Hornung V, Towarowski A, Wagner M, Sarris A et al. Activation
with CpG-A and CpG-B oligonucleotides reveals two distinct regulatory pathways of type | IFN
synthesis in human plasmacytoid dendritic cells. J Immunol 2003;170:4465-4475. [PubMed:
12707322]

Hartmann G, Weiner GJ, Krieg AM CpG DNA: a potent signal for growth, activation, and
maturation of human dendritic cells. Proc Natl Acad Sci U S A 1999;96:9305-9310. [PubMed:
10430938]

Jarrossay D, Napolitani G, Colonna M, Sallusto F, Lanzavecchia A Specialization and
complementarity in microbial molecule recognition by human myeloid and plasmacytoid dendritic
cells. Eur J Immunol 2001;31:3388-3393. [PubMed: 11745357]

Kumagai Y, Takeuchi O, Akira S. TLR9 as a key receptor for the recognition of DNA. Adv Drug
Deliv Rev 2008;60:795-804. [PubMed: 18262306]

Krieg AM CpG Motifs in bacterial DNA and their immune effects. Annu Rev Immunol
2002;20:709-760. [PubMed: 11861616]

Liu HM, Newbrough SE, Bhatia SK, Dahle CE, Krieg AM, Weiner GJ Immunostimulatory CpG
oligodeoxynucleotides enhance the immune response to vaccine strategies involving granulocyte-
macrophage colony-stimulating factor. Blood 1998;92:3730-3736. [PubMed: 9808567]

Kochenderfer JN, Chien CD, Simpson JL, Gress RE Synergism between CpG-containing
oligodeoxynucleotides and IL-2 causes dramatic enhancement of vaccine-elicited CD8+ T Cell
responses. J Immunol 2006;177:8860-8873. [PubMed: 17142789]

Sandler AD, Chihara H, Kobayashi G, Zhu X, Miller MA, Scott DL et al. CpG oligonucleotides
enhance the tumor antigen-specific immune response of a granulocyte macrophage colony-
stimulating factor-based vaccine strategy in neuroblastoma. Cancer Res 2003;63:394-399.
[PubMed: 12543793]

Li J, Song W, Czerwinski DK, Varghese B, Uematsu S, Akira S et al. Lymphoma immunotherapy
with CpG oligodeoxynucleotides requires TLR9 either in the host or in the tumor itself. J Immunol
2007;179:2493-2500. [PubMed: 17675511]

Ishii KJ, Takeshita F, Gursel I, Gursel M, Conover J, Nussenzweig A et al. Potential role of
phosphatidylinositol 3 kinase, rather than DNA-dependent protein kinase, in CpG DNA—-induced
immune activation. J Exp Med 2002;196:269-274. [PubMed: 12119352]

Hornung V, Rothenfusser S, Britsch S, Krug A, Jahrsdorfer B, Giese T et al. Quantitative
expression of toll-like receptor 1-10 mRNA in cellular subsets of human peripheral blood
mononuclear cells and sensitivity to CpG oligodeoxynucleotides. J Immunol 2002;168:4531—
4537. [PubMed: 11970999]

Gursel M, Verthelyi D, Girsel 1, Ishii KJ, Klinman DM Differential and competitive activation of
human immune cells by distinct classes of CpG oligodeoxynucleotide. J Leukoc Biol
2002;71:813-820. [PubMed: 11994506]

Wooldridge JE, Weiner GJ CpG DNA and cancer immunotherapy: orchestrating the antitumor
immune response. Curr Opin Oncol 2003;15:440-445. [PubMed: 14624226]

\Vollmer J, Weeratna R, Payette P, Jurk M, Schetter C, Laucht M et al. Characterization of three
CpG oligodeoxynucleotide classes with distinct immunostimulatory activities. Eur J Immunol
2004;34:251-262. [PubMed: 14971051]

Samulowitz U, Weber M, Weeratna R, Uhlmann E, Noll B, Krieg AM et al. A novel class of
immune-stimulatory CpG oligodeoxynucleotides unifies high potency in type | interferon

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 17

induction with preferred structural properties. Oligonucleotides 2010;20:93-101. [PubMed:
20384481]

93. Kuramoto E, Yano O, Kimura Y, Baba M, Makino T, Yamamoto S et al. Oligonucleotide sequences
required for natural killer cell activation. Jpn J Cancer Res 1992;83:1128-1131. [PubMed:
1483927]

94. Krieg AM Development of TLR9 agonists for cancer therapy. J Clin Invest 2007;117:1184-1194.
[PubMed: 17476348]

95. De Cesare M, Sfondrini L, Campiglio M, Sommariva M, Bianchi F, Perego P et al. Ascites
regression and survival increase in mice bearing advanced-stage human ovarian carcinomas and
repeatedly treated intraperitoneally with CpG-ODN. J Immunother 2010;33:8-15. [PubMed:
19952960]

96. De Cesare M, Calcaterra C, Pratesi G, Gatti L, Zunino F, Ménard S et al. Eradication of ovarian
tumor xenografts by locoregional administration of targeted immunotherapy. Clin Cancer Res
2008;14:5512-5518. [PubMed: 18765543]

97. Krieg AM, Efler SM, Wittpoth M, Al Adhami MJ, Davis HL Induction of systemic TH1-like
innate immunity in normal volunteers following subcutaneous but not intravenous administration
of CPG 7909, a synthetic B-Class CpG oligodeoxynucleotide TLR9 agonist. J Immunother
2004;27:460-471. [PubMed: 15534490]

98. Speiser DE, Liénard D, Rufer N, Rubio-Godoy V, Rimoldi D, Lejeune F et al. Rapid and strong
human CD8+ T cell responses to vaccination with peptide, IFA, and CpG oligodeoxynucleotide
7909. J Clin Invest 2005;115:739-746. [PubMed: 15696196]

99. Fourcade J, Kudela P, Andrade Filho P.A., Janjic B, Land SR, Sander C et al. Immunization with
analog peptide in combination with CpG and Montanide expands tumor antigen-specific CD8+ T
cells in melanoma patients. J Immunother 2008;31:781-791. [PubMed: 18779741]

100. Karbach J, Gnjatic S, Bender A, Neumann A, Weidmann E, Yuan J et al. Tumor-reactive CD8+ T-
cell responses after vaccination with NY-ESO-1 peptide, CpG 7909 and Montanide® ISA-51:
association with survival. Int J Cancer 2010;126:909-918. [PubMed: 19728336]

101. Molenkamp BG, Sluijter BJ, van Leeuwen PA, Santegoets SJ, Meijer S, Wijnands PG et al. Local
administration of PF-3512676 CpG-B instigates tumor-specific CD8+ T-cell reactivity in
melanoma patients. Clin Cancer Res 2008;14:4532-4542. [PubMed: 18628468]

102. Wang D, Jiang W, Zhu F, Mao X, Agrawal S Modulation of the tumor microenvironment by
intratumoral administration of IMO-2125, a novel TLR9 agonist, for cancer immunotherapy. Int J
Oncol 2018;53:1193-1203. [PubMed: 29956749]

103. Sfondrini L, Rossini A, Besusso D, Merlo A, Tagliabue E, Ménard S et al. Antitumor activity of
the TLR-5 ligand flagellin in mouse models of cancer. J Immunol 2006;176:6624—-6630.
[PubMed: 16709820]

104. Whitmore MM, DeVeer MJ, Edling A, Oates RK, Simons B, Lindner D et al. Synergistic
activation of innate immunity by double-stranded RNA and CpG DNA promotes enhanced
antitumor activity. Cancer Res 2004;64:5850-5860. [PubMed: 15313929]

105. Valladeau J, Saeland S Cutaneous dendritic cells. Semin Immunol 2005;17:273-283. [PubMed:
15953735]

106. Flacher V, Bouschbacher M, Verronése E, Massacrier C, Sisirak V, Berthier-Vergnes O et al.
Human Langerhans cells express a specific TLR profile and differentially respond to viruses and
gram-positive bacteria. J Immunol 2006;177:7959-7967. [PubMed: 17114468]

107. Kissenpfennig A, Henri S, Dubois B, Laplace-Builhé C, Perrin P, Romani N et al. Dynamics and
function of Langerhans Cells In vivo: dermal dendritic cells colonize lymph node areas distinct
from slower migrating Langerhans Cells. Immunity 2005;22:643-654. [PubMed: 15894281]

108. Klechevsky E, Morita R, Liu M, Cao Y, Coquery S, Thompson-Snipes L et al. Functional
specializations of human epidermal Langerhans cells and CD14+ dermal dendritic cells.
Immunity 2008;29:497-510. [PubMed: 18789730]

109. Oh S, Perera LP, Burke DS, Waldmann TA, Berzofsky JA IL-15/IL-15Ra-mediated avidity
maturation of memory CD8+ T cells. Proc Nat Acad Sci USA 2004;101:15154-151509.
[PubMed: 15477598]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 18

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Carralot JP, Probst J, Hoerr I, Scheel B, Teufel R, Jung G et al. Polarization of immunity induced
by direct injection of naked sequence-stabilized mMRNA vaccines. Cell Mol Life Sci
2004;61:2418-2424. [PubMed: 15378210]

Su Z, Dannull J, Yang BK, Dahm P, Coleman D, Yancey D et al. Telomerase mRNA-transfected
dendritic cells stimulate antigen-specific CD8+ and CD4+ T cell responses in patients with
metastatic prostate cancer. J Immunol 2005;174:3798-807. [PubMed: 15749921]

Su Z, Dannull J, Heiser A, Yancey D, Pruitt S, Madden J et al. Immunological and clinical
responses in metastatic renal cancer patients vaccinated with tumor RNA-transfected dendritic
cells. Cancer Res 2003;63:2127-2133. [PubMed: 12727829]

Verdijk RM, Mutis T, Esendam B, Kamp J, Melief CJ, Brand A et al. Polyriboinosinic
polyribocytidylic acid (poly(l:C)) induces stable maturation of functionally active human
dendritic cells. J Immunol 1999;163:57-61. [PubMed: 10384099]

Robinson RA, DeVita VT, Levy HB, Baron S, Hubbard SP, AS L A phase I-I1 trial of multiple-
dose polyriboinosic-polyribocytidylic acid in patients with leukemia or solid tumors. J Natl
Cancer Inst 1976;57:599-602. [PubMed: 978771]

Gowen BB, Wong MH, Jung KH, Sanders AB, Mitchell WM, Alexopoulou L et al. TLR3 is
essential for the induction of protective immunity against Punta Toro Virus infection by the
double-stranded RNA (dsRNA), poly(l:C12U), but not Poly(1:C): differential recognition of
synthetic dSRNA molecules. J Immunol 2007;178:5200-5208. [PubMed: 17404303]

Navabi H, Jasani B, Reece A, Clayton A, Tabi Z, Donninger C et al. A clinical grade poly I:C-
analogue (Ampligen®) promotes optimal DC maturation and Thl-type T cell responses of
healthy donors and cancer patients in vitro. Vaccine 2009;27:107-115. [PubMed: 18977262]

Thompson KA, Strayer DR, Salvato PD, Thompson CE, Klimas N, Molavi A et al. Results of a
double-blind placebo-controlled study of the double-stranded RNA drug polyl:PolyC12U in the
treatment of HIV infection. Eur J Clin Microbiol Infect Dis 1996;15:580-587. [PubMed:
8874076]

Strayer DR, Carter WA, Brodsky |, Cheney P, Peterson D, Salvato P et al. A controlled clinical
trial with a specifically configured RNA drug, poly(l).poly(C12U), in chronic fatigue syndrome.
Clin Infect Dis 1994;18:5S88-S95. [PubMed: 8148460]

Thompson KA, Strayer DR, Salvato PD, Thompson CE, Klimas N, Molavi A et al. Results of a
double-blind placebo-controlled study of the double-stranded RNA drug polyl:PolyC12U in the
treatment of HIV infection. Eur J Clin Microbiol Infect Dis 1996;15:580-587. [PubMed:
8874076]

Caskey M, Lefebvre F, Filali-Mouhim A, Cameron MJ, Goulet JP, Haddad EK et al. Synthetic
double-stranded RNA induces innate immune responses similar to a live viral vaccine in humans.
J Exp Med 2011;208:2357-2366. [PubMed: 22065672]

Salazar AM, Levy HB, Ondra S, Kende M, Scherokman B, Brown D et al. Long-term treatment
of malignant gliomas with intramuscularly administered polyinosinic-polycytidylic acid
stabilized with polylysine and carboxymethylcellulose: an open pilot study. Neurosurgery
1996;38:1096-1104. [PubMed: 8727138]

Butowski N, Lamborn K, Lee B, Prados M, Cloughesy T, DeAngelis L et al. A North American
brain tumor consortium phase 11 study of poly-ICLC for adult patients with recurrent anaplastic
gliomas. J Neurooncol 2009;91:183-189. [PubMed: 18850068]

Okada H, Kalinski P, Ueda R, Hoji A, Kohanbash G, Donegan TE et al. Induction of CD8+ T-cell
responses against novel glioma—associated antigen peptides and clinical activity by vaccinations
with {alpha}-type 1 polarized dendritic cells and polyinosinic-polycytidylic acid stabilized by
lysine and carboxymethylcellulose in patients with recurrent malignant glioma. J Clin Oncol
2011;29:330-336. [PubMed: 21149657]

Dhodapkar MV, Sznol M, Zhao B, Wang D, Carvajal RD, Keohan ML et al. Induction of antigen-
specific immunity with a vaccine targeting NY-ESO-1 to the dendritic cell receptor DEC-205. Sci
Transl Med 2014;6:232ra51.

Zaba LC, Krueger JG and Lowes MA Resident and “Inflammatory” dendritic cells in human skin.
J Invest Dermatol 2008;129:302-308. [PubMed: 18685620]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 19

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Chu C-C, Ali N, Karagiannis P, Di Meglio P, Skowera A, Napolitano L et al. Resident CD141
(BDCAB3)+ dendritic cells in human skin produce 1L-10 and induce regulatory T cells that
suppress skin inflammation. J Exp Med 2012;209:935-945. [PubMed: 22547651]

van der Aar AM, Sylva-Steenland RM, Bos JD, Kapsenberg ML, de Jong EC, Teunissen MB
Cutting Edge: Loss of TLR2, TLR4, and TLR5 on Langerhans cells abolishes bacterial
recognition. J Immunol 2007;178:1986-1990. [PubMed: 17277101]

Kuchen S, Robbins R, Sims GP., Sheng C, Phillips TM, Lipsky PE et al. Essential role of IL-21 in
B cell activation, expansion, and plasma cell generation during CD4+ T Cell-B cell collaboration.
J Immunol 2007;179:5886-5896 [PubMed: 17947662]

Rasheed MAU, Latner DR, Aubert RD, Gourley T, Spolski R, Davis CW et al. IL-21 is a critical
cytokine for the generation of virus-specific long-lived plasma cells. J Virol 2013;87:7737-7746.
[PubMed: 23637417]

Haniffa M, Shin A, Bigley V, McGovern N, Teo P, See P et al. Human tissues contain CD141hi
cross-presenting dendritic cells with functional homology to mouse CD103+ nonlymphoid
dendritic cells. Immunity 2012;37:60-73. [PubMed: 22795876]

Jongbloed SL, Kassianos AJ, McDonald KJ, Clark GJ, Ju X, Angel CE et al. Human CD141+
(BDCA-3)+ dendritic cells (DCs) represent a unique myeloid DC subset that cross-presents
necrotic cell antigens. J Exp Med 2010;207:1247-1260. [PubMed: 20479116]

Villadangos JA, Shortman K Found in translation: the human equivalent of mouse CD8+ dendritic
cells. J Exp Med 2010;207:1131-1134. [PubMed: 20513744]

Baldridge JR, Crane RT Monophosphoryl Lipid A (MPL) formulations for the next generation of
vaccines. Methods 1999;19:103-107. [PubMed: 10525445]

Mata-Haro V, Cekic C, Martin M, Chilton PM, Casella CR, Mitchell TC The vaccine adjuvant
monophosphoryl lipid A as a TRIF-biased agonist of TLR4. Science 2007;316:1628-1632.
[PubMed: 17569868]

Martin M, Michalek SM, Katz J Role of innate immune factors in the adjuvant activity of
monophosphoryl lipid A. Infect Immun 2003;71:2498-2507. [PubMed: 12704121]

Garcon N, Van Mechelen M Recent clinical experience with vaccines using MPL- and QS-21-
containing Adjuvant Systems. Expert Rev Vaccines 2011;10:471-486. [PubMed: 21506645]

Schneider LP, Schoonderwoerd AJ, Moutaftsi M, Howard RF, Reed SG, de Jong EC et al.
Intradermally administered TLR4 agonist GLA-SE enhances the capacity of human skin DCs to
activate T cells and promotes emigration of Langerhans cells. Vaccine 2012;30:4216-4224.
[PubMed: 22542815]

Uehori J, Matsumoto M, Tsuji S, Akazawa T, Takeuchi O, Akira S et al. Simultaneous blocking
of human toll-like receptors 2 and 4 suppresses myeloid dendritic cell activation induced by
mycobacterium bovis Bacillus Calmette-Guerin peptidoglycan. Infect Immun 2003;71:4238—
4249. [PubMed: 12874299]

Brandau S, Suttmann H Thirty years of BCG immunotherapy for non-muscle invasive bladder
cancer: A success story with room for improvement. Biomed Pharmacother 2007;61:299-305.
[PubMed: 17604943]

Sosman JA, Sondak VK Melacine®: an allogeneic melanoma tumor cell lysate vaccine. Expert
Rev Vaccines 2003;2:353-368. [PubMed: 12903801]

Hoover HC, Jr., Brandhorst JS, Peters LC, Surdyke MG, Takeshita Y, Madariaga J et al. Adjuvant
active specific immunotherapy for human colorectal cancer: 6.5-year median follow-up of a
phase 11 prospectively randomized trial. J Clin Oncol 1993;11:390-399. [PubMed: 8445413]
Vermorken JB, Claessen AM, van Tinteren H, Gall HE, Ezinga R, Meijer S et al. Active specific
immunotherapy for stage 1l and stage I11 human colon cancer: a randomised trial. Lancet
1999;353:345-350. [PubMed: 9950438]

Hanna MG, Jr., Hoover HC, Jr., Vermorken JB, Harris JE, Pinedo HM Adjuvant active specific
immunotherapy of stage Il and stage 111 colon cancer with an autologous tumor cell vaccine: first
randomized phase 111 trials show promise. Vaccine 2001;19:2576-2582. [PubMed: 11257395]
Harris JE, Ryan L, Hoover HC, Jr, Stuart RK, Oken MM, Benson AB et al. Adjuvant active
specific immunotherapy for stage Il and 111 colon cancer with an autologous tumor cell vaccine:

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 20

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Eastern Cooperative Oncology Group Study E5283. J Clin Oncol 2000;18:148-157. [PubMed:
10623705]

Galligioni E, Quaia M, Merlo A, Carbone A, Spada A, Favaro D et al. Adjuvant immunotherapy
treatment of renal carcinoma patients with autologous tumor cells and Bacillus Calmette-Gueérin:
five-year results of a prospective randomized study. Cancer 1996;77:2560-2566. [PubMed:
8640706]

Doehn C, Richter A, Lehmacher W, Jocham D Adjuvant autologous tumour cell-lysate vaccine
versus no adjuvant treatment in patients with MO renal cell carcinoma after radical nephrectomy:
3-year interim analysis of a German multicentre phase-111 trial. Folia Biol (Praha) 2003;49:69—
73. [PubMed: 12779015]

Repmann R, Goldschmidt AJ, Richter A Adjuvant therapy of renal cell carcinoma patients with
an autologous tumor cell lysate vaccine: a 5-year follow-up analysis. Anticancer Res
2003;23:969-74. [PubMed: 12820332]

Jocham D, Richter A, Hoffmann L, Iwig K, Fahlenkamp D, Zakrzewski G et al. Adjuvant
autologous renal tumour cell vaccine and risk of tumour progression in patients with renal-cell
carcinoma after radical nephrectomy: phase I11, randomised controlled trial. Lancet
2004;363:594-599. [PubMed: 14987883]

Kidner TB, Morton DL, Lee DJ, Hoban M, Foshag LJ, Turner RR et al. Combined intralesional
Bacille Calmette-Guérin (BCG) and topical imiquimod for in-transit melanoma. J Immunother
2012;35:716-720. [PubMed: 23090081]

Deiters U, Muhlradt PF Mycoplasmal lipopeptide MALP-2 induces the chemoattractant proteins
macrophage inflammatory protein-lalpha (MIP-1alpha), monocyte chemoattractant protein 1,
and MIP-2 and promotes leukocyte infiltration in mice. Infect Immun 1999;67:3390-3398.
[PubMed: 10377117]

Kaufmann A, Mihlradt PF, Gemsa D, Sprenger H Induction of cytokines and chemokines in
human monocytes by mycoplasma fermentans-derived lipoprotein MALP-2. Infect Immun
1999;67:6303-6308. [PubMed: 10569741]

Schneider C, Schmidt T, Ziske C, Tiemann K, Lee K-M, Uhlinsky V et al. Tumour suppression
induced by the macrophage activating lipopeptide MALP-2 in an ultrasound guided pancreatic
carcinoma mouse model. Gut 2004;53:355-361. [PubMed: 14960515]

Schmidt J, Welsch T, Jager D, Muhlradt PF, Blchler MW, Mérten A Intratumoural injection of
the toll-like receptor-2/6 agonist ‘macrophage-activating lipopeptide-2’ in patients with
pancreatic carcinoma: a phase I/11 trial. Br J Cancer 2007;97:598-604. [PubMed: 17667928]
Ahmad F, Mani J, Kumar P, Haridas S, Upadhyay P, Bhaskar S Activation of Anti-Tumor Immune
Response and Reduction of Regulatory T Cells with Mycobacterium indicus pranii (MIP)
Therapy in Tumor Bearing Mice. PloS ONE 2011;6:€25424. [PubMed: 21984926]

Banerjee S, Halder K, Ghosh S, Bose A, Majumdar S The combination of a novel
immunomodulator with a regulatory T cell suppressing antibody (DTA-1) regress advanced stage
B16F10 solid tumor by repolarizing tumor associated macrophages in situ. Oncolmmunology
2015;4:995559. [PubMed: 25949923]

Pant MC, Chakraborty BS, Patel N, Bisht SS, Verma VP, Singh S et al. P3-022: Role of Cadi-05
as an adjuvant therapy in advanced Non Small Cell Lung Cancer. J Thor Oncol 2007;2:S616.
Belani CP, Chakraborty BC, Modi RI, Khamar BM A randomized trial of TLR-2 agonist
CADI-05 targeting desmocollin-3 for advanced non-small-cell lung cancer. Ann Oncol
2017;28:298-304. [PubMed: 27831503]

Manicassamy S, Ravindran R, Deng J, Oluoch H, Denning TL, Kasturi SP et al. Toll-like receptor
2—dependent induction of vitamin A-metabolizing enzymes in dendritic cells promotes T
regulatory responses and inhibits autoimmunity. Nat Med 2009;15:401-409. [PubMed:
19252500]

Huysamen C, Willment JA, Dennehy KM, Brown GD CLEC9A is a novel activation C-type
lectin-like receptor expressed on BDCA3+ dendritic cells and a subset of monocytes. J Biol
Chem 2008;283:16693-16701. [PubMed: 18408006]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 21

160.

161.

162.

163.

164.

165.

Lu H, Dietsch GN, Matthews MA, Yang Y, Ghanekar S, Inokuma M et al. VTX-2337 is a novel
TLRS8 agonist that activates NK Cells and augments ADCC. Clin Cancer Res 2012;18:499-509.
[PubMed: 22128302]

Northfelt DW, Ramanathan RK, Cohen PA, Von Hoff DD, Weiss GJ, Dietsch GN et al. A phase |
dose-finding study of the novel toll-like receptor 8 agonist VTX-2337 in adult subjects with
advanced solid tumors or lymphoma. Clin Cancer Res 2014;20:3683-3691. [PubMed: 24807889]

Chow LQM, Morishima C, Eaton KD, Baik CS, Goulart BH, Anderson LN et al. Phase 1b Trial of
the Toll-like Receptor 8 Agonist, Motolimod (VTX-2337), Combined with Cetuximab in Patients
with Recurrent or Metastatic SCCHN. Clin Cancer Res 2017; 23:2442-2450. [PubMed:
27810904]

Ferris RL, Saba NF, Gitlitz BJ, Haddad R, Sukari A, Neupane P et al. Effect of adding motolimod
to standard combination chemotherapy and cetuximab treatment of patients with squamous cell
carcinoma of the head and neck: The active8 randomized clinical trial. JAMA Oncol 2018; doi:
10.1001/jamaoncol.2018.1888 [Epub ahead of print]

Monk BJ, Brady MF, Aghajanian C, Lankes HA, Rizack T, Leach J et al. A phase 2, randomized,
double-blind, placebo-controlled study of chemo-immunotherapy combination using motolimod
with pegylated liposomal doxorubicin in recurrent or persistent ovarian cancer: a Gynecologic
Oncology Group partners study. Ann Oncol 2017;28:996-1004. [PubMed: 28453702]

Dowling DJ, Tan Z, Prokopowicz ZM, Palmer CD, Matthews MA, Dietsch GN et al. The ultra-
potent and selective TLR8 agonist VTX-294 activates human newborn and adult leukocytes.
PLoS ONE 2013;8:e58164. [PubMed: 23483986]

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lai-Lai Chiang and Kandalaft Page 22

Highlights

. The next-generation of cancer immunotherapy could entail /7 vivo cancer
vaccination to elicit both innate and adaptive anti-tumor responses.

. This could be achieved via in vivo targeting of dendritic cells (DCs) that serve
as an indispensable link between the innate and adaptive immunities.

. Toll-like receptors (TLRs) expressed on human DCs play an important role in
recognizing and eliminating pathogens. /n vivo targeting of DCs with TLR
agonists such as Imiquimod, CpG-oligodeoxynucleotides (CpG ODNS),
polyinosinic-polycytidylic acid (Poly I:C) and monophosphoryl lipid A
(MPLA) have shown promise in preclinical and clinical cancer studies.

. Different TLR agonists could synergize to exert profound effects on the
quality and magnitude of anti-tumor T cell responses.

. Synthetic TLR agonists could be synthesized at a low cost and could
potentially be a cost effective stand-alone treatment or complimentary to
immune checkpoint blockade therapy.
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Figure 1.

Schematic diagram showing the major human DC subsets.
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Table 1

Selected toll-like receptor (TLR) agonists for potential /n7 vivo targeting of dendritic cells (DCs).

TLR  Synthetic agonists tested In clinics Potential targeted DC subset(s) References

2 LPS, MPLA (in AS01-04 adjuvant systems), amino alkyl LCs, Dermal DCs 136, 137, 139-149, 153
glucosamlmide phosphates (In Dynavax®), GLA, BCG
(used together with MPLA in Melacine®), MALP-2

3 Poly I:C, Poly(I:C12U) [Ampligen®], Poly-ICLC [Hiltonol®] LCs, BDCA-3* blood DCs 117-124
4 LPS, MPLA, amino alkyl glucosamImide phosphates, GLA, BCG Dermal DCs 136, 137, 139-149, 153
5 Flagellln Dermal DCs 103
6 MALP-2 LCs, dermal DCs, BDCA-1* 153, 154
blood DCs
7 Imlquimod (R-837), 852A (3M-001), Reslquimod (R-848; S-28463), pDCs 47-72
Gardlquimod
8 Resiquimod (R-848, S-28463), VTX-2337 (Motollmod), VTX-294 D((e:rmal DCs, BDCA-3* blood 68-72, 157, 158
DCs
9 CpG ODN 7909 (Agatollmod; PF-3512676; Promune®), SD-101 pDCs 97-102

Abbreviations: LC (Langerhans cells), pDCS (plasmacytod dendritic cells), LPS (lipopolysaccharides); MPLA (monophosphoryl lipid A; GLA
(glucopyranosyl lipid A); BCG (Mycobacterium bovis bacillus Calmette-Guérin); MALP-2 (macrophage activating lipopeptide-2); VTX-2237 and
VTX-294 (VentiRx Pharmaceuticals, USA); CpG ODN (CpG-oligodeoxynucleotides).

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



Page 25

Lai-Lai Chiang and Kandalaft

:ayep uons|dwo) « ‘pajage|
8T0C uer -uado (1onquyur 816uIS G9TOH
ISTE :31ep elS « pue pazjwopuel w100x08Y2 T-ad) T00dAd * 40 Aoeaiy3 pue Aieges sy Jo Apms
SILIBAON « Bumnioay -uou ‘| aseyd e GOTOHT-Istuobe /7411 » (002) s1owny prjos 968T0EE0LON L
(e6€)ewoales
pue BWIOUIYIED [el1[3yloin Jown] p1jos
(Apognue *J92Ued [39310]0 217BISEISI JO PAJUBAPY AJ[e207T YIM
6T0C 93d Jeuojoouow ‘ewourdJed |89 Jeuas Sjuslled Ul qewn|oAlN
:ayep uona|dwo) « B ] T71-Ad-1ue) gewn|oAIN « “elou1ded Uelieno sNid TZ-4LIN YIM pue 412
8T0¢ JeIN -uado YTZ-41MN ‘190URD IseaIq aAnebaN HIMN YA
ST 91ep HelS « pue paziwopues -)s1uobe paselq-zz1ao « a|duy ‘ewoulosed uoIeUIqUIOD Ul 29Z-H1MN 10 ApniS v
sofnadesay | JenaN e Buninioay -uou ‘|1/] 8seyd « 29Z-H1MN-Is1uobe g/ 4L « 1199 [9%J8IN ‘BWOUeBI 0¥9SEYE0LON 9
slown|
plos
UM s108lans Ul uonelpey sniel|[ed Jo
0202 Bnv uieT uoneipey /pue qewnjeAlng
:3kep uong|dwo) « pajage| (Apognue euojoouow [17-ad] (seT) UMM UoIjeuIquioD UlpueT D10 4o
GTOZ AON Yl -uado T puebij-yresp |19 pawweiboud [12..0] ewoydwA| 118D slown] p1jos
:a7ep Hels Apnis « pue paziwopuel nue paziwndo 94) gqewnjeang « 1 snoaueind UM s108lans ut 26T61ATIN 0 ApnisS v
7171 sunWIWIPaA » ‘Buminiosy « -uou ‘| aseyd e L6T61AQ3N-IsIuobe g/241 L« dbeis-Aues pue siowny pijos €9795520LON S
6T0Z AeN
:a1ep uonsjdwo) « ‘|]age]-uado pue
0102 uawubisse isioby (411)
Ae\ :e1ep UeIS |eLIo1oey sapndad g-39VIN pue 00TdD « JOGEREN]
Jaue) Buninigal paziwopuel 106(8¥8 17 110 B YHAA 8)S BUIIIBA pue Jown |
130ueD uosIspuy "'a’INl « 10U ‘8AINOY o ‘l19seyd e ) powinbisay-isiuofe g/ 4L « (72) woOURIDN ¢5.09600LON 14
3]1J01d 91BUI{0JBWIRYd
020z AInt ‘190 au) pue
:aep uona|dwo) « -uado Alages ayp auiwIalad 03 slownj p1jos
810z aung pue uswubisse pasuenpy
U[EdH SOBUAS « 1T ‘81ep Le)S « dnoib UMM sjusiied Ul 6050-dSd 40 Apmis v
U] ‘[edlpawiolg uoisog e ‘Buniniosy 8]buls ‘| aseyd 6050-dSa-istuobe /471 » () swsejdosN GEEITYEOLON €
TC0C uer 1sTE eise|doaN
:8Jep uong|dwo) « ‘1aqe (¥€) [erjayndsenul
870z 1das -uado juasaid s||99 [e21AI8D apeID-YBIH YNAA Slusiied
Yl0€ :81ep LeIS pue uawubisse onsejdoau aanisod-91d pue Buneas]
Buninioal dno.b J19e1noJonyy eaido] ‘eisejdoau Jerjayyidaeaiul u1 powinbiw] pue [19enoJon|4 [ealdoy
ION « 10U ‘8AINOY o 8]buls ‘| aseyd powinbiwi-isiuofe 2471 [ealnlaa apesl ybiH 08T96TE0LON 4
670 ged
:ayep uons|dwo) « SBSBISEISIN UIS UNAA J8dueD
(1oN) 1102 pajage| Isealg
2IN1Isu| Jsdue) [euoneN e Bny :81ep UeIS - -uado apiweydsoydojoAD « 10} Adeiayroipey pue ‘spiwreydsoydolok)
3UIDIP3IA 4O |00Y2S Buninioal pue paziwopuel Adesayiolpey « (55) 199uRd IsBAIq ‘s1uoby/ (4711)101daay ai-]j0L
AUSIBAIUN YIOA MIN o 10U ‘8AIDY « -uou ‘11/1 aseyd « powinbiw|-siuobe /4L « 1U31INJ31 pue JNLISeIBN /T0TZYTOLON 1
s103e10qe|[|09/10suods snjels adA1 e (s)uonusnuayu| (104us 01 s309fqns 931 pue JBqWINU | DNy JoquinN

10 Jaquinu)adAy Jsoue)d

Author Manuscript

"(A0B°S[RLI[RIIUIO MMM,.) S[RLI] [e1Ul]D AIIR Ul JueAn(pe se sisiuobe 2471 Jo asn

¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.


http://www.clinicaltrials.gov

Page 26

Lai-Lai Chiang and Kandalaft

AND I0A MON ‘ayminsul

1JoIeasay 18oue) e 6102 JelN
"ou| :a1ep uona|dwo) e
S[eannaoeWIeyd XYNUSA « 5102
D7 8UNWWIP3INl «  AON :31ep LIS »
Uoseasay Jsoue)d Buninioal
10y a)nsul Bimpn- « 10U ‘BAIDY «

1¢0¢ 93d ylo¢e

‘13ge|
-uado

pue paziwopues
-uou ‘11/] aseyd «

(@1d)
uIdIgnioxop
Jewosodi] pare|Abad «
gewnening «
LEETXLA-ISIuOBE @Y1 «

paledlpul
s1 (@1d) uvignioxoq fewosodi
palejAbad
WOYAA 10} J92UBD UBLIBAQ JUEISISSY
wnue|d
JuB1IN28Y YN s108[ans ul 9/ 7Id3N
pue(Le€e-XLA)
powi|ojoA Jo ApniS /T aseud v
(€5) BwouIdIed UBLIEAD 6SSTEYZOLON 8

sa1oueUBIeI PRJURAPY UIAA
sjualed Ul
T004Ad YMAA UolreuIquioD Ul pue Jushy

soyeloqe||oo/dosuods snyels

adAy feniL

(s)uonuaniau|

(1104ua 03 s198lgns

10 Jaquinu)adAl 4soue)d SR puB JSqUNU LONx - 3qUINN

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



Page 27

Lai-Lai Chiang and Kandalaft

09S19UBIS 1102 ‘|age|-uado -S@s [eJownyenu|
UeS ‘elulojlfed Jo AlIsIsAlun «  1dY Y12 :81ep LBIS « pue gewnzijolquiad YA UOITRUIqUOD Ul QeWINZI|0IqWad
Buo4 souaime] « Buninoay «  paziwopuel ‘| aseyd « TOT-SAs - 1siuobe gL » (z¥7) 499uRD 81RISO.d 2€//00S010N 8
sewoydwA
UIBPOH-UON [180-9 3pel9
0202 190 lage| Adessyiorpel « MO YIAM Sluaited
U6 :a1ep uona|dwo . -uado (821986 SWQ] Apognue Bumeal | ui Adessyioipel pue ‘81986
AlIsIaniun piojuels « 8102 pue Juawubisse (ovX0) ¥ Jaquiaw Ajiwegiadns SING Apognuy
ION«  |udY Y16 :31ep LelS « dnoib 1018081 10108} SIS0I0BU-NUY « (S7) ewoydwA]  o¥XO-NUY ‘TOT-SAS ISIL0BY 6411
Ana7 preuoy « Buninioay a|6urs ‘| aseyd « T0T-SAS - 1S1U0BY 6L » uB{BpoH-UON [139-g TO60TYEOLON L
(Toe-3LYNIANTTI
BWOUR|SIN Al01oRIjey
0¢coc Inf T-dd-huv Yumn
15T :a¥ep uonajdwo) « s19algns ul auoly gqewnw
8102 ‘1aqe|-usdo qewnwiid] yam uoreuIquIod
qainbs sIBAN-10ISHE « (94 UIBZ :81ep MBS . pue paziwopuel qewnwiidy « ur 521Z-OWI 40 ApniS v
0u] ‘S[eONN3OBWLIBY BIBP] * Buniniosy e GZT2-OWI -1s1uoBe 6411« (80E) BUIOURISW ONRISEIIN ££5GYYE0.LON 9
1202 AeN 1sTE
:a1ep uonsjdwo) «
8102 qewnuwijidy 139UR)) [B19310[0D) J11LISLIDN
qqinbs siaAN-|01S1Ig « INC IST :8)ep JeIS o ‘[aqrej-uado pue JeWwn|oAIN 1o} Asebiansolpey
S|eonnadeWIRYd S1eWXIBYD « Buninioal paziwopuel AdeJayiolpes JanIT « (6T) saseiselaw Jani| pue AdeJayounwiw] paulquiod
18JU8D) [e2IPBIA BQRYS 18A10U ‘aAIDY o -uou ‘| aseyd « T00-dIND -1s1UoBe 6Y-| L« PUE BWIOUIDIED [€10310]00 66920GE0L0N g
aseasi apoN
€20z AInc YISt CeWN|OAIN o ydwAT waseddy
:81ep uona|dwo) » ‘lage| (1s1uobe Al1ea1ul|D YN Siualied ewoueain
ybangsnid Jo AusseAun « 8102 -uado 64711 payejnsdeaus-ajoned Q/2/a11T 8bers ul
S|eannadeWIRYd S1BWMIBYD « Bny Y18 :81ep LEIS o pue Juswubisse MI-SNUIA) (02)192uU€D  QRWNJOAIN YNAA OQWOD Ul TOO-dIND
leneq Jexiemiq « Buninioay «  [enuanbas ‘|| aseyd « TOO-dIND - IsiuoBe 6411«  apou ydwA| pue ewouea|N T¥98T9E0.LON %
020z Bny yiog J01QIyu] T-Ad-huY «
:8Jep uops|dwo) « (azdd ‘Nao
1702 "Jaqe|-uado pue 9dJ sse|o-0 pazijosoise DTOSN ul Jongiyuj
uoneiodiod 1daS Y10z :81ep LEIS « paziwopuel ‘018UIUAS) T-AdhuV Ue YA T8ZAQ gl 8seyd
sa1f0jouy23] XeneuAq Buninioay -uou ‘| aseyd « T8ZAQ - 1s1uobe 6L (08) D1OSN paoueApY 26192€€010N €
geoz Aine 10 18uabol)y Buimoj|o4
:91ep uona|dwo) » slouo@ wol4 T00-9dOMNA
Aysieniun anq « 9102 "1aqe|-uado 171Q-PaYdLIUB 19D MN » 1s1u0by 64' 14
au| ‘sa1bojouyosl waiby «  BuUNr Y8 1alep LEIS . pue paziwopuel 100-9d0 (00T) Sa1oueUBIfEW OAA/AA S[OQ PaYILUT 113D MN 2Yd
QAN ‘UB1ZZ1Y pireq Buninioay . ‘l18seyd « -)NA - 1stuofe 6Y-11 proydwA| pue piojeAN 16925720LON z
020z Ae (Apognue saloueuBljel p1jos
:81ep uona|dwo) » [euojoouoW H-y11D-1ue [96] PasueAPY YN Slusied ul (isiuoby
OV udbojoN « 9102 ‘|aqej-uado pue uewny d11) E0LINOW
IENIET) A\ Y3 TT :81ep LelS « paziwopuel JUBUIQWO931) qewnuwijid] « (09) ewourdw Buipnjoul pue (Adesayzounww]) qewnwijid
139URD UOSIapUY "d'IN Buninioay « -uou ‘1] aseyd « S0LTNOIA - 1S1uobe 641 « S130UBD PI|OS PAdUBAPY 0//8992010N 1
(1104us 03 s398[gns
sloyedoge||0d/iosuods snye1s adAy [ela L (s)uonuaniau| 10 Jaquinu) adAy 18oue) apl1 pue Jaquinu 1 DNx  JaquinN

Author Manuscript

"(noBs[eL[eaIuI]D WO Usye) UOITeWIOoUl,) S[ell [ealuljd paalsiBal ul Jueanlpe se sisiuobe 6411 40 asN

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.


http://www.clinicaltrials.gov

Page 28

Lai-Lai Chiang and Kandalaft

ewoydwAT Jejnaijo4 ve

1202 AON ‘lage| Adesayiolpel « -T apeio Alojoelyay
:arep uona|dwo) « -uado (aseury auIsolA} s,uoinig J0 pasde|ay YU siuaired Buneas |
ANSIaAIUN pJOJUE]S o 9T'AOU « pue Juswubisse 10 Jo)qIyul (0€) swuoy Jus1IN23I ul Adesayjolpes pue
DN e  9TOZ AON :91ep LelS » dnoib 3|N23J0W-|[ews) qIunniq| « pue alindal Buipnjoul ‘quuinig] ‘10T-sAs 1s1uoby 6411
Asmo usgoy « Buninioay . a|buis 11/ aseyd T0T-SAS - Isiuobe 64711 « ewoydwA| sejnaifjo4 ¥96.2¢620LON 6
Adesayroipel Apoq 91198108131S «
(p1021140900N|6
2118YJUAS) auosiupald e
911908
2202 |1dy auoJalelIge
:arep uona|dwo) « pue 8181808 ap1j04dna « Adesayl 10T

sJoyeloqe||09/10suods snyels

adAy [ela L (s)uonuaniau|

(1104us 03 s198lgns

10 Jaquinu) adAy 180ue)

9pI1 pue Jaquinu | DN~ Jaquinn

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



Page 29

Lai-Lai Chiang and Kandalaft

3UIDIPAIAl JO |00YDS UYRI| «

|1dy :a1ep Hels «

pue juawubisse dnoib «

(guoloNIH)

fempaeyg euIN e Buninioay . a]Buls ‘| aseyd « OT01-Al0d - 1stuobe g4 L . (02) s1owny pijos €70TZ.Z0LON 8
0202 Ren Awoyoarelsoud [ealpey «
1eUIS JUNOA 18 :a1ep uons|dwo) « AlJejnasnwesui JER]N o)
BUIDIP3INl JO |O0YIS UYeD] 1102 13qe|-uado pue Jo (Bw 0T Jo Bw G'0) a1e1s0id 40} (0T101410d)
“2U {1IA0UQ o KeIN :918p LEIS o paziwopuel Ajesownyenur usalb(glouoyiH) I0U0NIH 1eAN[peOaN
1/eMa] Jewny| ysonysy « Buninioay « -uou ‘| aseyd « D121-A10d - 1sluobe €41 « (¥g) 499ued 31RISOId €0T292E01ON /
020z 1das Jaoued Bun |10
:9)ep uopa|dwo) « |[eWsS-UON 10} 8u199eA aphdad
Z102 [oqe apndad (TONIN) T UNAl « (TuPNIA TONIN
ybangsnid Jo Alsianiun « AON :9Jep UeIS «  -Uado pue paziwopuel (glouoniH) (0g) (D12SN) 10 asuodsay aunwwl| ays Jo Apnis
uul4 BIBAIO o Bunnioay « -uou ‘11/] aseud D1D1-Ajod - 1stuoBe €411 «  Jaoued Bunj [180 |fews-UoN 9£802/T0LON 9
Adelayioipey asog-moT YA
8T0C AON 27101-Ajod pue
:9)ep uopa|dwo) « €N [eJownieIIU| JO UOIRUIGIOD
[eUIS JUNOA 18 €102 ‘190e| (Tog-xao) puebi| ‘ewoydwAT
BUIDIPAIA 4O [00YDS UYRI| « 29 :91ep LElS o -uado pue juswubisse €114 (nys) uewny JUBUIQWOIBY » (0g) ewoydwAT 8peID-MOT 10} BUIDIBA NUS U]
Apo.g enysor ‘Buminioay «  dnoib a|Buls ‘1171 8seyd e O7T101-A10d - 1s1uofe gL 1199-9 8pes9-mo-] G859/6TOLON S
8702 224 (w41) ueanlpe s,punal4 a18|dwoduy «
:a1ep uona|dwo) « apndad sisiuoby Y11 snid
¥102 snuelsL + (LAd) au1oden apdad (LAd) urddeA
BIUIBIIA JO AlISIBAIUN o (UdY RIS ApNIS o |8ge]-uado pue powinbisay - 1s1uobe g/, 471 apndad Buo e jo el L 11/l 8Seud
a¢ ‘yniBuns 71 Bres « ‘Buninioay «  paziwopue ‘|1/] aseyd pue 37191-Alod - 3stuofe 4L (85) ewouelay 6.59¢T20LON 14
Ausianiun eisnbny o 1202 uer ‘lagel
'dioD :9)ep uons|dwo) « -uado pue Juswubisse
awyoq 7 dieys 3oIsIN 8T0Z uer dnolb 139UeD UOJ0D dHIN
"ou] “JIAOJUQ o 10T :87ep HElS « a|buls paziwopues qewnzijoiquad e (zv7) ewourared u1 D121-A10d + qewnzijoiquiad
YeAeN BysY e “Buniniosy -uou ‘11/1 8seyd 27101-Ajod-1s1uobe 411 [£30810]02 JNEISEISIN 2507€820.LON €
190Ue)
UBLIRAQ PAJUBAPY/ JUSLINJSY
120z 1das ur jouoy|IH
:a1ep uona|dwo) « pue gewonobalQ Jo uoneuIquo)
1702 Re 1aqe|-uado (Apognue [euojoouow (o) ay1 Jo
10€ :97ep HelS « pue GZTVD-huesulInw) qewonoBalQ « BUWIOUIDIRD UBLIBAO  AJIAIOY JOWN)iuy pue Alajes ayl
U] 159nNO0UQ ‘Buninioay « dnoub a1Buls ‘| aseyd « 27101-Al0d-1s1uobe €471 « JU81INJ3J pUe A abeis 29G29TS01ON 4
(zot) eWOYdWA| S190URD3|gISSaIIe
30 | SnoauBIng pue -Asdoig ‘ajqeinseaiy
(Apognue 1189 |9X48|A ‘eWodJes ‘paoueAPY YA S108lgns ul
AID IOA MBN 220z Bny Jeuojoouow [-w110] ¥ usbnue BWOUBIBW ‘SBWOUIdIed 27121-A10d Sn|d qewnjealng
ININSU| YoJeasay Jaoued «  :arep uons|dwo) « pale1o0sse - 81A00ydwA|-1 2101014 J1appelq A\l PUB qewnwiijawai]
D771 dUNWIWPSIA » 9702 28d ‘lage] -nue z9b| uewny) qewnwiawal] « pue Jeual ‘ayeisoud ‘sealg UM/ UOITRUIDOBA
yoJeasay Jaoue) 187 :9rep HelS «  -uado pue paziwopues qewnfenIng « “eWIOUIdIB) |[32 NS U] 4o Apnis g/T 8seud v
1oy aimnsu] Bimpn « ‘Buninioay 27101-Ajod-1s1uobe 411 snowrenbs 23U pue peaH €0€E¥9Z0LON T
s103e100e||09/10suods sne1s adA1 e (s)uonuanasyu| (1104us 01 $300[qns 931 pue JBqWINU | DNy JoquinN

10 Jaquinu)adAy Jaoued

Author Manuscript

‘(A0Bs[eL[RIIUI O MMM,.) S[eLI] [eI1U1]D SAIIOR JO UOID3I8S © Ul JueAnipe se sistuobe €41 JO asn

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.


http://www.clinicaltrials.gov/

Page 30

Lai-Lai Chiang and Kandalaft

6102 0O powinbisay %20 «
:a1ep uona|dwo) « 10 ‘(glouolfiH)
0702 190 27101-A10d - 1s1uobe €471 « (09) ewonb sjowny
(n8-31ep LIelS « JENIE] -0Jpuapobijoonsy pue uresg yumm
18)ua) Jsoue) “Buinioal pajaqe|-uado pue U}IM UOIJeUIGUIOD Ul UOIFRUIIIRA ewolAooiise onsejdeur  sjualied J0j SUIDIBA [[8D J1IpUSQ
aAISUaYaIdWOD UOSSUOL o 10U ‘BAIIY « paziwopuel ‘| aseyd « DA pas|nd-ayesA| Jown) snobojoiny « ‘ewolse|qol|f ‘ewolr o ¥89702T0LON 0T
8T0¢ aung
:a1ep uons|dwo) «
4oJeasay Jaoued 102 uoljelpel |euolss| [ed04 « ewoydwAT 18D L shoaueind
Joy aimnsul BimpnT « JelN 81ep LelS o palaqe| (ono1gnue) uisdapiwoy e paJuBAPY J0) ulsdapiwoy
3UIDIP3IA 40 |00Y2S ‘Buninioal -uado pue paziwopuel (@I0UOHIH) (€) pwoydwAq pue ‘uoneipey ‘O7101410d
‘ANSIBAIUN YIOA MBN o 10U ‘BAIOY o 07101-Alod - Istuofe €41 L « 1199-L snoaueiny 677T9020LON 6
saloueubifel\
020z AIne (Bojeue Jeal] 0} 8UIIIBA JIWIOUBD)
:81ep uopa|dwo) « apIwopl[ey ) aplwoplifeusT « pazijeuosiad
1BUIS JUNOIA| e 9702 ‘|]age]-uado sapndad 9118YIUAS « 10 Aoiuabounwiw| pue Alages
sJ01e10qe||09/1osuods sne1s adA1 ren (s)uonuaniayu| (1104us 01 $300[qns 9311 pUe Jagwinu | DN« JagquinN

10 Jaquinu)adAy Jadued

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.



Page 31

Lai-Lai Chiang and Kandalaft

(Apognue ewoydwA

6102 |euojoouow T-Ad-nue s, ujBpoH-uoN

Je|N :a1ep uonajdwo) « 96| Jen21||04 YNAA SIUsIed Ul gewnzijolquad

dioo G102 18qe|-uado paziuewiny) gewnzijoiquiad (19) noyuM

awyoq % dIeys MoIaIN « |uN( IST :91ep LElS o pue paziwopuel (0019)  ewoydwAjs,uribpoH 10O YA 00T [esownienu] Jo Apns
ubisa@ aunwiwi] «  “BunINIOBI 10U ‘DAY o ‘11/1 8Seyd « 3S-V19 —1s1uobe pHq11 » -uou Je|naijjo4 €/¥T0S201ON S

AK1abing Aq panoway

6T02Z uer uaag SeH ey ewouedN

1ST :3ep uong|dwo) « Al-11 36815 Yl S1usited Buneas |

G102 18qe|-uado ur 35-v19 Isiuoby

ION Uel U1/Z :97ep UEIS . pue paziwopuey apndad usbnue T-14VIN (€2) 74711 INOYNM 10 Y usbiuy T-14VIN
oD ofey «  "BUNINIOB) 10U ‘BAINOY ‘leLno|id 3S-v19 - 1sIuoby pyIL e BwOURRW Al-|| 86RIS G0E0ZEZOLON 14

8T0Z JeIN AK1abing Aq panoway

1ST :81ep uons|dwo) « Adesayiolpel « ag jouue) Jo d11eISeIs|N

102 (0019 S| ¥ey L BWIODIES NSsIL JOS YU

ION » AON Y3/ T :81Ep LIEIS « ‘3S-V19) UoIs|nwa 8|qels v (91) sjualied Bunesiy ul

Jalua) youeasay ‘paisod synsal oN juawubisse pidi| jAsouriAdoan|b BWOJE S3NSSI) YOS Adesayioipel pue 35-y19 1s1Uoby 411
J32UBRD UOSUIYOINH paid «  'Buninioaiiou ‘anndy «  dnoub ajbuis ‘| aseyd « —1siuobe yq71 «  npe Al pue ||| abels 86908T20LON €

0202 ged "|aqe|-uado 8667.TEMSO- siowin] p1jos paoueApy

YT :a1ep uonadwo) « pue Juswubisse Apognue UMM S18lgns ul sardessyiounwiw

810¢ |enuanbas |euojoouow onsiuobe pue

VIAOI « TeN U19Z :alep 1es ‘paziwopuel  OpXO-Hue TOB| paziuewnH « T60G6LTMSO 40 uoneulquiod e o Apnis
AUIMYNWSOXEID “Buniniosy -uou ‘| 8seUd s TBOSELTHSO-ISIUOBE #HTL (¥S) swsejdoaN YTELYYEOLON z

s19lgns

LT0Z O AupesH ul (T60S6.TMSD) 1sluoby

UIET :83ep uona|dwo (7d711) Jordeoay

L102 01 Jo Apnis (dnot9 |3]|esed e ‘ziied

uer yloT:e1ep Les « put|g-s|gnop (T09 pue uolre|eas3 8soq

‘passod pue -Xd0) T60S6.THSD 81BuIs e Bureg T Med) wed-z ‘| sseyd v
BUIMUNISOXBID «  SHNSBI OU ‘pRIa|dWod «  PoZILIOpUE ‘| 3seyd « - 1sjuofe yyTIL « (zv) swsejdoaN 8.686.20LON T

(1104us 03 s398[gns JO

sloyedoge||0d/4osuods smelis adA eriL uonuanIalul  Jaquinu)adAy Jsoue)d 9|11 pue Jaquinu 1 DNx  JaquinN

Author Manuscript

"(AOB"S[RLI[RIIUIO MMM, S[BLI [e1U1]D AR Ul JueAn(pe se 1siucBe 411 Jo asn

G 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 December 01.


http://www.clinicaltrials.gov

	Abstract
	Introduction
	Lymphoid-derived plasmacytoid DCs
	Targeting pDCs with TLR7/8 agonists
	Targeting pDCs with TLR9 agonists
	Langerhans cells
	Targeting LCs with TLR3 agonists
	Dermal DCs
	Targeting dermal DCs with TLR2, 4 and 6 agonists
	BDCA-1+ and BDCA-3+ blood DCs, and targeting them with TLR8 agonists
	Conclusions
	References
	Figure 1.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

