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Vaccine immunotherapy consisting of tumor antigens combinedwith an immune-enhancing adjuvant fosters cy-
totoxic T cell (CTL) proliferation. Clinically, polyI:C has been used as an adjuvant to enhance cancer vaccine pro-
tocols. However, according to its long history, polyI:C promotes inflammation that causes cytokine toxicity.
Although checkpoint inhibitor immunotherapy has improved the prognoses of patients with progressive cancer,
over 75% of patients continue to experience resistance to antibody (Ab) against anti-programmed cell death-
protein 1 (PD-1) or its ligand, PD-L1 therapy. In most cases, patients suffer from adverse events resulting from
inflammation during anti-PD-1/L1 Ab therapy, which is a serious obstacle to patients' quality of life. We have
studied the functional properties of double-stranded (ds)RNA and polyI:C, and developed a nucleic acid adjuvant
that barely induces a significant increase in the level of serum inflammatory cytokines inmousemodels. This ad-
juvant, termed ARNAX, consists of DNA-capped dsRNA that specifies the endosomal target for Toll-like receptor 3
(TLR3) in dendritic cells (DCs). We expect that this adjuvant is safe for administration in elderly patients with
cancer receiving immunotherapy. Here, we summarize the properties of ARNAX for immunotherapy in mice.
We suggest that DC-priming is essential to induce anti-tumor immunity; neither exogenous inflammation nor
the administration of tumor antigens is always a prerequisite for DC-mediated CTL proliferation. If our mouse
data can be extrapolated to humans, ARNAX and the liberated endogenous tumor antigens may facilitate effect
of current therapies on patients with therapy-resistant tumors.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Recent findings have confirmed that the activation of innate immu-
nity bestows a trigger of the acquired immune response [1]. A typical
outcome of innate immune activation is to alarm the host cells to the
presence ofmicrobial patterns in infections. This is a rapid responseme-
diated by systemic type I interferon (IFN) and cytokines produced by
the affected cells [2]. The innate immune system is conserved across
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vertebrates, including jawless vertebrates [3]. According to comparative
studies on the various innate immune systems among vertebrates, sim-
ilar receptors facilitate the recognition of various microbial patterns [3].
These receptors are termed pattern-recognition receptors (PRRs), of
which the Toll-like receptors (TLRs) represent a family of PRRs con-
served among vertebrates.

The TLRs appear to have evolved in parallel with the development of
the acquired immune system in vertebrates [4]. During a viral infection
in mammals, infected cells produce viral double-stranded (ds)RNA,
which is followed by rapid cytokine production. The synthetic dsRNA
mimic, polyI:C, also induces a cytokine response by injection, suggesting
that dsRNA is an innate patternmolecule [5]. The dsRNA sensors are dis-
tributed in the cell membrane and cytoplasm (Fig. 1), and their orches-
tration results in the activation of a cytokine network [6] followed by
lymphocyte activation. Infected cells are typically damaged and die
after issuing a warning via cytokines, whereas bystander cells survive
to receive the products of the dead cells. The surviving cells responding
to acute phase response appears to trigger delayed lymphocyte activa-
tion and memory formation secondary to dsRNA sensing in bystander
cells.

Cytoplasmic RNA sensors are ubiquitously expressed in mammals
with cell-specific variation to detect viral RNA [6], whereas TLR3 is the
only membrane-associated receptor for dsRNA that can recognize
dsRNA outside the cell membrane. TLR3 is primarily expressed in mye-
loid and neuroectodermal cells, and myeloid TLR3 preferentially acts as
a receptor for the extrinsic recognition of viral dsRNA [5]. Dendritic cells
(DCs) consist of a number of subsets, and those expressing TLR3 facili-
tate the cross-presentation of exogenous antigens [7]. However, it re-
mains unknown whether robust cytokine production is absolutely
required for DC-priming and the acquired response (including cross-
priming of T cells) as described in previous reviews [6].

Viral RNA possesses several structural motifs for the activation of
various RNA sensors in the innate immune system [6]. TLR3 agonist in-
cluding synthetic dsRNA similarly functions without the sign of infec-
tions. Viral infections and a polyI:C injection simultaneously activate
systemic dsRNA sensors in vivo [5]. To identify the function of each
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RNA sensor associated with DC-priming and its immune-enhancing ef-
fects [7], we need to establish specific agonists for each type of dsRNA
receptors is required. Thus, we created a TLR3-specific agonist based
on the theoretical strategy of structural biology and performed a func-
tional identification of the immune response using mouse models
[8,9]. The results were essentially reproduced in human peripheral
blood mononuclear cells.

Here, we summarize the results of TLR3-specific stimulation based
on the in vivo findings in mouse models. The TLR3-specific ligand con-
tributes to DC-priming and cytotoxic T cell (CTL) proliferation without
inducing inflammatory cytokinemia to facilitate vaccine immunother-
apy. Robust cytokine production accompanying a viral infection is not
essential to evoke a DC-mediated acquired immune response. This syn-
thetic TLR3 agonist was termed, ARNAX.

2. RNA sensors in nucleic acid sensing

The dsRNA sensors reside in the endosomalmembrane or cytoplasm
and signal the presence of viral infections in both mouse and human
cells [6]. Viral RNA has a signature recognized by host RNA sensors,
which typically induces the production of IFN and other pro-
inflammatory cytokines. RNA sensors are classified into two families
based on their structural motifs, leucine-rich repeat (LRR) and DExD/H
box helicase. Most of the RNA sensors converge on several adaptors, in-
cluding TICAM-1 (TRIF), MAVS, and MyD88 (Fig. 1). These adaptors ac-
tivate transcription factors, such as NF-κB, activator protein-1 (AP-1)
and interferon-regulatory factors (IRF) [2,10]. In particular, the activa-
tion of IRF3 or 7 activation preferentially induces a type I IFN response
in certain cell types, leading to amplified activation of the interferon-
α/β receptor (IFNAR) pathway [11,12]. Therefore, RNA harboring
virus-specific signatures can be recognized as non-self RNA [13]. The
non-self signatures are referred to chemically-synthesis of RNA
adjuvants. Although the host cells occasionally harbors incompletely
paired RNA (e.g., miRNA or cytosolic non-coding RNA), they minimally
activate RNA sensors in the same cell, which suggests that they behave
as self-RNA.
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We established a specific monoclonal Ab against human TLR3
[14,15]. TLR3 is typically localized in the endosome of myeloid cells, in-
cluding DCs [14], where TLR3 encounters dsRNA to induce TLR3 signal-
ing. PolyI:C, a viral dsRNA-mimic, enters endosomes whereas blunt-
paired dsRNA rarely enters cells (Fig. 2). This finding suggests that a
modification of synthetic dsRNA is required for endosomal uptake
[16]. When a virus (e.g., measles) infects DCs, the infected DCs undergo
apoptosis to disrupt viral spreading. The damaged DCs stop the immune
function as well. Secondary immunosuppression frequently accom-
panies such dysfunction of DCs [8,17]. A structure-function analysis of
TLR3 agonists indicates that endosomal TLR3 recognizes N120 bp blunt
base-paired dsRNA or structured RNA [18,19] that contains long
dsRNA portions with mismatched regions. TLR3 is expressed on the
cell surface of some fibroblasts and epithelial cells [14,20], which are ac-
tivated by the extrinsic addition of these dsRNA. Moreover, there is no
sequence-specific activation of TLR3 in response to dsRNA. Although
TLR3 minimally responds to approximately 40 bp dsRNA by a reporter
assay [18,19], a length N120 bp is required for TLR3 clustering to suffi-
ciently amplify the signal [19]. Thus, N120 bp length of dsRNA is a
non-self pattern to yield high-affinity coupling with TLR3 to dsRNA.
The TLR3 response occurs exclusively in the endosome in DCs. Thus,
TLR3 ligands for DC-targeting also require additional structures which
facilitate endosomal trafficking (Figs. 1 and 2).

In some cases, these RNA patterns are released from infected cells in
the form of native dsRNA or vesicles (e.g., exosomes) even when the
cells are damaged; however, the majority of these particles are rarely
taken up into other cells (Fig. 1). Hence, how the activation of TLR3
occurs in infected hosts through exogenous dsRNA remains to be
investigated.

In the cytoplasm,DExD/H box helicases recognize dsRNA-containing
motifs [21–23]. Retinoic acid-inducible gene-I (RIG-I) and melanoma
differentiation-associated gene 5 (MDA5) are representative cytoplas-
mic RNA sensors (Fig. 1). Additionally, other DExD/H box helicases
may be engaged in RNA-sensing in a cell-type-specific manner [22,23]
as depicted in Fig. 1. Their functions are typically modulated by acces-
sory molecules and/or sentinels in the cytoplasm [23]. However, why
so many molecules join the modulation of helicases remains unknown.
RIG-I recognizes the structure of short dsRNA capped with 5′-di/
triphosphate, which is a hallmark of viral replication [24]. MDA5 recog-
nizes long dsRNA (N1 kbp) without bulges [21,25]. Both negative- and
positive-stranded RNA viruses and some DNA viruses produce one of
these virus-specific patterns in infected cells. These viral RNAs are also
non-self patterns in the cytoplasm.

Since RIG-I and MDA5 are ubiquitously expressed in human whole-
body cells, infected cells evoke the production of IFNs and other cyto-
kines in response to intrinsically-produced viral pattern RNAs in the
same cytoplasm [26]. Type I and III IFNs and other pro-inflammatory cy-
tokines released from infected cells prohibit the systemic spread of vi-
ruses through the activation of the IFNAR pathway in other cells
[11,27]. The IFN pathway enhances evoking the acquired immune re-
sponse. Thus, infected cells accomplish systemic host cell protection
against viruses, despite their own destruction.

In summary, dsRNA N1 kb in length or capped with 5′-di- or tri-
phosphate represent non-self RNA based on the ability to up-regulate
cytokine production in the same cell cytoplasm. RNA having complete
or incomplete stem structures over 120 bp and ability to enter endo-
some behave as a non-self RNA. The two PRR responses to dsRNApartic-
ipate in DC-priming: one inducing systemic robust cytokines followed
by secondary DC-priming and the other (so far only TLR3) inducing
local minute cytokines and direct DC-priming. The receptor responsible
for dsRNA trafficking from the cell-surface to the TLR3 endosomes re-
mains unknown [28].

3. Functional properties of the TLR3-specific adjuvant ARNAX

Appropriate structures of patterns in viral dsRNA products for cyto-
plasmic sensors other than RIG-I, MDA5 and TLR3 have not been deter-
mined yet. It is known that polyI:C activates the other cytoplasmic
sensors of DExD/H box helicases and LRR proteins, which suggests
that they bind and recognize the long RNA duplex in the cytoplasm
[29]. A short RNA duplex with no phosphate modification at the 5′
end does not induce a cytokine response in human and mouse cells to
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date. Thus, short fragments of viral dsRNAmay not activate these unde-
fined cytoplasmic sensors.

TLR3 recognizesN40bpRNAduplex irrespectiveof the5′modification.
Using a reporter gene assay, the degree of TLR3 activation has been found
to depend on the length of the dsRNA; the longer in the dsRNA length, the
better activatesTLR3bydsRNAinhumanHEK293cells [16]. There isnose-
quence dependency for TLR3 activation, which enables us to select a safe
(no RNA interference) sequence for humans [29,30]. However, synthetic
dsRNA, which have an OH in their 5′ ends, hardly attains endosomal
TLR3 [30]. The point is what is the best option to guide N120 bp dsRNA
to the endosome circumventing activation of cytoplasmic sensors.

B/C-type oligodeoxynucleotide (ODN) competes with polyI:C for
cellular uptake [16,29], suggesting the presence of a common nucleic
acid receptor involved in their internalization. Although CpG DNA in-
duces a cytokine and IFN response via TLR9, GpC DNA does not. After
several chemical synthesis trials of TLR3 ligands that modify the 5′
end with GpC DNA, we found that capping the dsRNA with 25 bp
phosphorothioated-GpC ODN allowed dsRNA to enter the endosomes
[29,30] (Fig. 2). The GpC-ODN-capped dsRNA activates TLR3 at the en-
dosome without activating TLR9 or RIG-I/MDA5 [30].

The DNA-dsRNA compound, ARNAX, can activate DCs via exogenous
addition to the cells [29,31]. Therefore, the dsRNA portion can be deliv-
ered to the endosomes of DCs by DNA-capping; N120 bp dsRNA suffi-
ciently activates the TLR3/TICAM-1 pathway [18,29]. In addition,
dsRNA recognition by TLR3 is not affected by a modification of the
GpC cap in ARNAX, which suggests that TLR3 indistinguishably recog-
nizes DNA-capped dsRNA. Neither the cytoplasmic sensors nor DNA
sensors involve the immune response and inflammation in the
ARNAX-mediated in vivo events based on gene-disrupted mouse stud-
ies. In addition, in both DCs and HEK293 cells, ARNAX specifically acti-
vates human TLR3 [30]. Using ARNAX as a probe, we can define the
function of TLR3 in human DCs. In situations during which high levels
of TLR3 are expressed, the TLR3/TICAM-1 pathway is involved in the
maturation of antigen-presenting DCs [30–32]. The results are consis-
tent with previous reports on the functional definition of RIG-I/MDA5
[33,34] and DC-priming by TLR3 [14,32].

According to previous reports, the mitochondrial antiviral signaling
protein (MAVS) pathway is ubiquitously expressed in whole-body
cells and typically participates in cytokinemia inmice [33,34]. The effect
of systemic polyI:C administration in humans was described approxi-
mately 50 years ago [36], and human clinical trials involving polyI:C
were dropped down as designated ‘untrelable’. Therefore, non-self
RNA patterns are also functionally categorized into two entities:
(1) those inducing systemic cytokine production; and (2) those facili-
tating acquired immune activation. Published in vivo studies have
been interpreted to indicate that the RIG-I/MDA5/MAVS pathway
mainly participates in systemic cytokine production [33,34], whereas
TLR3/TICAM-1 promotes acquired immune-activation [14,29,35]. In-
deed, activation of the MAVS pathway induces type I IFN to secondarily
participate in DC priming. Thus, the initial trigger of DC-priming is not
RNA sensor stimulation but type I IFN in the MAVS pathway.

The final design of the TLR3-specific ligand is presented in Fig. 2.
While this molecule does not activate the MAVS pathway following ex-
trinsic addition, it induces cross-presentation in DCs (Fig. 2). Therefore,
TLR3 activates a T cell response via cross-priming without the help of
RIG-I/MDA5 or robust cytokine production [30,31]. Thus, ARNAX en-
ables DC-priming for T cell activation without inducing inflammation
[36,37]. It is important to note that all previous adjuvants induced cyto-
kine toxicity (i.e., ‘inflammatory’ adjuvants) [38] whereas ARNAX only
targets DCs for immune activation (i.e., DC-priming adjuvant) [36,37].

4. ARNAX enhances the antitumor effect by inducing a PD-1/L1
blockade

TLR3-specific activation is applicable to targeted therapy to facilitate
DC-priming and T cell activation in mouse models [30,31,39]. In the
absence of inflammation, mice reject implant tumors by inducing
tumor-associated antigen (TAA)-specific CTLs following treatment
with ARNAX combinedwith the target antigen [31,39]. Several host fac-
tors participate in the prognosis of tumor-bearing mice. The important
factor responsible for the efficacy of ARNAX is dependent on the
tumor environment. Thus, if tumors leak their antigens, the adjuvant
could cooperate in evoking a specific immune response towards endog-
enous antigens.

Anti-cancer vaccine immunotherapy may offer cancer patients a
higher quality of life and a safer treatment option with reduced burden
following surgery, at a lower cost. However, the only inflammatory ad-
juvants (e.g., Alum and oil) [38] that are currently approved for immu-
notherapy enhance the inflammatory side-effects in cancer patients
[40]. Moreover, there are no approved RNA adjuvants due to the associ-
ated side-effects, which disturb comfortable care for the elderly.

Although PD-1/L1 antibody (Ab) therapy exerts an excellent thera-
peutic effect, the efficacy on solid tumors remains low, at approximately
20% [40]. It has been established that TAAs are present in themajority of
spontaneous cancers and induce an anti-tumor CTL response, which can
be reinvigorated by checkpoint inhibitors [40]. Thus, cancer vaccines
could be administered if an appropriate adjuvant for DC-priming and
CTL proliferation is developed.

Inmousemodels, combination therapywith a TAA/adjuvant and PD-
1/L1 Ab is an appropriate choice for cancer immunotherapy, since TAAs
can be provided for the proliferation of specific CTLs [31,41]. However,
the side effects caused by inflammation and autoimmunity associated
with immunotherapy need to be resolved [40,41]. In human studies,
CD141+ and CD1c + DCs are activated in response to TLR3 ligand
[42]. In clinical tests, the administration of polyI:C as an adjuvant and
PD-1/L1 Ab treatment appears effective [41] but induces additive in-
flammatory side-effects. Thus, the rate of remission is expected to be
much higher by combining ARNAX with PD-1/L1 Ab, compared with
PD-1/L1 Abmonotherapy [41]. Since each tumor has a unique spectrum
of TAAs [43], endogenous TAA and ARNAX may enhance the effects of
PD-1/L1 Ab therapy with a low side-effect profile [36,37].
5. DC-priming therapy with ARNAX

Tumors typically express TAAs, and in rare cases, adjuvant-only
therapy induces tumor-specific CTLs to shrink tumors in both mice
and humans. This indicates that endogenous TAAs serve as antigens to
specifically direct the adjuvant activity. Therefore, TAAs are indispens-
able for ARNAX treatment, and DC-priming occurs independent of the
robust cytokine-inducing ability of the adjuvants [31,39]. This finding
is further confirmed when comparing the effects of ARNAX with polyI:
C (Fig. 2). In both cases, the TAAs and DC TLR3 pathway are essential
for the induction of tumor-specific CTLs (Fig. 3). In addition, the
level of TLR3 expression is elevated in response to IFN in CD103+ DC/
CD8α + DCs (mouse) and CD141+ DC/CD1c + DCs (humans)
[32,42], which are representative of antigen-presenting DCs [43].
DC-priming culminates in TAA and TLR3 agonist [41,43].

TLR3 signals also promote the class-switching of B cells via DC and
CD4 T cell activation to elevate IgA production [44,45]. Since antigen-
presenting DCs express high levels of TLR3, ARNAX can selectively
prime DCs for IgA production, therebyminimizing systemic cytokine in-
duction [46].

Therefore, it is important to understand how the TAAs are increas-
ingly released as an effective form from tumors. When tumors die via
necrotic stress, they may secret various types of proteins [47,48],
which may represent a source of TAAs. Moreover, whole-genome se-
quencing analyses suggest that the quantity, quality, and immunogenic-
ity of mutant antigens differ between individual cancers [41]. If a
method for an increase of free endogenous TAAs is established, the
step of exon-sequencing for the detection of TAAs can be skipped. TAA
liberation may be enhanced by radiation or chemotherapy [48,49].
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Combination therapies involving ARNAX and radiation/chemotherapy
are worth attempting without identification of TAAs.

Immuno-resistance is caused by both CTL-dependent and
-independent axes [48–51]. Furthermore, distinct factors are involved
in CTL dysfunction, which can be multifarious. At any tumor site, possi-
ble causes range from a lack of antigenicity, reduced potential of antigen
processing, failure of peptide cleavage, peptides unsuitable toMHCclass
I (MIC), incompatibility of the peptide with theMIC complex, matching
failure with T cell receptors, or a low density of MIC/peptides. For CTLs,
additional causes include the functional failure of CTLs, insufficient CTL
proliferation, loss of CTL tumor-entering ability, and tumor-killing
failure.

PD-1Ab only ameliorates CTL proliferation and tumor-killing effi-
cacy. Therefore, resistance to PD-1/L1 Ab treatment is one hallmark of
CTL dysfunction in a tumor. Moreover, in the absence of CTL prolifera-
tion, no therapeutic efficacy is evokedwith PD-1/L1 Ab. One of themea-
sures to improve post-operative cancer outcomes with PD-1/L1
resistance is to combine PD-1/L1 Ab therapy with CTL-induced vaccine
therapy [41]. Since cancer-specific antigens differ between individual
cases [43], if the antigens from cancer cells are successfully liberated
by radiation pretreatment, only an appropriate adjuvant can break PD-
1/L1 resistance. This is true inmouse tumor-implantmodels susceptible
to CTL and CTL-dependent tumoricidal axes [50–52].
6. Modification of the tumor microenvironment by adjuvant

Tumor consists of parenchymal and non-parenchymal cells. The lat-
ter containsmyeloid cell moieties having TLR3, and takes part in regula-
tion of tumor growth [50–52]. On the other hand, tumor cells frequently
express TLR3 [53], and secret inflammatory cytokines. However, polyI:C
barely induces tumor cell progression or invasion. In CT26 (colon can-
cer)-bearing Balb/c mice, TLR3 stimulation rather leads to cell damage
via the RIP3 pathway of TLR3/TICAM-1 in the tumor cells [53]. Lewis
lung carcinoma (LLC) tumor in mice is acutely rejected into hemorrhgic
necrosis by polyI:C treatment [54]. This rapid tumor shrinkage is trig-
gered by non-parenchymal macrophages responded to polyI:C. LLC
tumor contains tumor-infiltrating M2 macrophages, which become an
additional antitumor effector through polyI:C response [54]. Hence,
TLR3 agonist works in other cells than DCs in tumor-bearing mice.
In most of themouse tumor-implant models, ARNAX/TAA combina-
tion therapy results in tumor shrinkage and prolonged survival
[31,37,39]. However, in other models (e.g., Lewis Lung Carcinoma
[LLC)-ovalbumin [OVA)], tumor remission rarely occurs when the
polyI:C/TAA therapy is employed [51,53]. While these are PD-L1-
resistant tumors, the resistance to antigen/adjuvant vaccine therapy is
not explained. Another cause may be factors associated with the
tumor microenvironment and cells/macrophages infiltrating into the
tumor, which make the environment immune-resistant [52,53,55]. In
general, CTL-dependent and -independent tumor regression coincides
with tumor cell proliferation; the background of tumor regression de-
pends on their balance, as demonstrated by the immunoediting theory
[56]. Some adjuvants may act as modifiers of the tumor microenviron-
ment to improve intratumoral immune cell function [54,57].

We identified a TLR3 agonist that functions in both immune cells and
themicroenvironment in tumors (Fig. 3). DCs andmacrophages present
in tumors express high levels of TLR3 in tumor sites [54,57]. Tumor
shrinkage appears to be associated with an improved tumormicroenvi-
ronment following ARNAX treatment [39]. In addition, LLC-OVA be-
comes sensitive to radiation after treatment with TLR3 agonists [49].
The microenvironmental modulation of immune-resistant tumors by
treatment with a TLR3 agonist appears crucial for prognosis, but the
exact mechanism remains poorly understood.

In contrast to ARNAX, polyI:C activates TLR3 and MDA5 and works
on both tumor and immune cells [55,57]; polyI:C makes the environ-
mental situation more complicated than ARNAX. Additionally, PolyI:C
may affect both DC-priming and the inflammatory status of the macro-
phages that have infiltrated into tumors, which can both negatively and
positively affect the tumors [54,58]. The possible events that can occur
in response to dsRNA in macrophages and tumor cells are depicted in
Fig. 3. The tumor factors that are released are presumed to be
damage-associated molecular patterns (DAMPs) and exosomes [58,59]
in addition to TAAs. The diverse functions of DAMP/exosomes are asso-
ciated with the reconstruction of the tumor microenvironment [60], as
well as TAA-specific CTL induction and tumor regression. In addition,
it has been shown that tumor macrophages elevate the level of TLR3
present in the endosomes [54,61]. Further evidence is required to
prove whether ARNAX is superior to other inflammatory adjuvants in
making the tumor microenvironment immune-sensitive. The answer
lies, in part, in the macrophage response to ARNAX in the tumor
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microenvironment. This last issue should be experimentally addressed
in mouse tumor models and future clinical tests.
7. Conclusion

Multiple adjuvants have been developed for effective vaccination.
These adjuvants enhance immune activation but always induce inflam-
mation. We have shown that inflammation occurs independent of
immune-enhancement following ARNAX vaccination. This TLR3-specific
adjuvant predicts that the infection-DC maturation axis is independent
of the in vivo infection-cytokinemia axis when based on the function of
ARNAX. In mouse tumor-implant models, ARNAX targets both host and
tumor cells, thereby enhancing the anti-tumor response. Most inflamma-
tory adjuvants also act on tumors, and tend to trigger tumor progression
and invasion. Thus, the selection of non-inflammatory adjuvants may be
critical in the search to improve the tumor microenvironment.
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