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Activation of the RNA-sensing pattern recognition receptor
(PRR) in cancer cells leads to cell death and cytokine expres-
sion. This cancer cell death releases tumor antigens and dam-
age-associated molecular patterns (DAMPs) that induce anti-
tumor immunity. However, these cytokines and DAMPs also
cause adverse inflammatory and thrombotic complications
that can limit the overall therapeutic benefits of PRR-targeting
anti-cancer therapies. To overcome this problem, we generated
and evaluated two novel and distinct ssRNA molecules (immu-
nogenic cell-killing RNA [ICR]2 and ICR4). ICR2 and ICR4
differentially stimulated cell death and PRR signaling pathways
and induced different patterns of cytokine expression in cancer
and innate immune cells. Interestingly, DAMPs released from
ICR2- and ICR4-treated cancer cells had distinct patterns
of stimulation of innate immune receptors and coagulation.
Finally, ICR2 and ICR4 inhibited in vivo tumor growth as
effectively as poly(I:C). ICR2 and ICR4 are potential therapeu-
tic agents that differentially induce cell death, immune stimu-
lation, and coagulation when introduced into tumors.
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INTRODUCTION
Pattern recognition receptors (PRRs) are immunological sensors
that initiate the host defense response against infections. They are
located at the cell surface, within endosomal compartments and in
the cytoplasm, where they are poised to recognize different molecular
signatures associated with invading pathogens.1 Viral or bacterial
RNAs are known to be potent ligands of multiple PRRs.1 Retinoic
acid-inducible gene I (RIG-I), melanoma differentiation associated
gene 5 (MDA-5), RNA-activated protein kinase R (PKR), laboratory
of genetics and physiology 2 (LGP2), Nacht leucine-rich repeat
protein 3 (NALP3), and interferon-induced protein with tetratrico-
peptide repeats 1 (IFIT1) are located within the cytoplasm, where
they sense specific molecular patterns within RNAs; e.g., 50 triphos-
phate (50ppp), 50diphosphate (50pp), and double-stranded RNA
(dsRNA).2,3 Toll-like receptors (TLRs) 3, 7, and 8 are localized to en-
dosomal compartments and are activated by dsRNA (TLR3) and sin-
gle-stranded RNA (ssRNA) (TLR7 and TLR8).3

In addition to anti-infectious immunity, the activation of RNA-
sensing PRRs can mediate programmed cell death of infected cells,
which allows the host to efficiently block viral replication by sacri-
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ficing infected cells.4 PRR activation induces cell death not only in in-
fected cells but also in non-infected, malignant cells. Transfection
with synthetic viral dsRNA analogs, polyinosinic-polycytidylic acid
(poly(I:C)), and short RNA duplex containing 50ppp induces inter-
feron (IFN) b production and programmed cell death of various hu-
man cancer cells, including melanoma,5 hepatocellular carcinoma,6

glioblastoma,7 prostate cancer,8 ovarian cancer,9 breast cancer,10

and pancreatic cancer11 through the activation of RNA-sensing
PRRs. Interestingly, RNA-induced PRR activation upregulated pro-
apoptotic molecules (e.g., Noxa, Puma, and TRAIL) in tumor cells
but not in non-malignant cells, which may relate to the induction
of tumor-selective cell death by PRR-activating RNAs.5,12

Furthermore, PRR-mediated cell death engenders the release of dam-
age-associated molecular patterns (DAMPs) (e.g., high-mobility
group box 1 protein [HMGB1]), surface translocation of calreticulin,
antigen uptake, and maturation of dendritic cells (DCs), suggesting
that RNA-induced tumor cell death is pro-immunogenic and can
result in anti-tumor immunity.11,13,14 Type I IFNs (e.g., IFN-a
and IFN-b), have a wide range of immune-stimulatory activities,
including the augmentation of T helper type 1 cell responses, upregu-
lation of major histocompatibility (MHC) class I molecules, genera-
tion of natural killer (NK) cell- and T cell-mediated cytotoxicity,
and anti-tumor activities, including anti-proliferative, anti-angio-
genic, and pro-apoptotic effects.15 Thus, PRR-mediated cell death
and release of type I IFN can cooperatively and synergistically induce
both therapeutic and prophylactic cellular immune responses against
tumors.

Currently, RNA-sensing PRR agonists have demonstrated little or no
overall benefit to patients with cancers.16,17 This failure is in part due
to toxicity driven by non-specific induction of immune reactions.18

All PRR signaling culminates in the activation of mitogen-activated
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Figure 1. Differential Induction of Growth Inhibition

and IFN-b Expression by 20F-Modified 50ppp RNAs

in a Structure-Dependent Manner

20F pyrimidine-incorporated 50ppp RNAs were designed

and generated to contain 50ppp and various secondary

structures, including a 30 overhang hairpin (ICR1,

ICR1A, ICR1B, and ICR1C), a blunt-ended hairpin

(ICR2–3, ICR2, ICR2A, and ICR2B), a 50 overhang

hairpin (ICR3, ICR3A, ICR3B, and ICR3C), and multiple

stem-loops (ICR4, ICR4A, and ICR5) at various lengths.

Linear 50ppp ssRNA (ICR-L) and long dsRNA (pIC) were

also generated. The RNA secondary structure was

predicted using mFold (http://mfold.rna.albany.edu/?

q=mfold/RNA-Folding-Form). To treat cancer cells

with these RNAs, WM266-4 human melanoma cells

(1 � 104 cells/well) were transfected for 4 hr with the

indicated concentrations of RNAs in a 96-well plate.

72 hr after RNA treatment, cells and culture superna-

tants were harvested and analyzed for growth inhibition

and IFN-b expression, respectively. The data represent

two individual experiments. Error bars show SD.
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protein kinases (MAPKs), nuclear factor kB (NF-kB), and IFN regu-
latory factors (IRFs), which ultimately leads to the production of in-
flammatory cytokines and IFNs.3 These cytokines and IFNs facilitate
the induction of anti-tumor immune responses as well as cancer cell
death; on the other hand, they can cause damage to normal tissues
and organ failure.15 Furthermore, the pro-inflammatory cytokines
produced by tumor and tumor stroma cells promote tumor growth
and survival and contribute to the deregulation of anti-tumor immu-
nity,19 which negatively impacts the therapeutic effects of anti-cancer
PRR agonists. Therefore, the development of safe and effective RNA-
sensing PRR agonists is necessary for these to become useful agents
clinically.

Multiple RNA-sensing PRRs, including RIG-I,5 MDA5,20 TLR3,10 and
TLR7,21 have been shown to induce programmed cell death along with
cytokine expression. It is still not clear how the activation of such
RNA-sensing PRRs leads to cell death in cancer cells and whether
PRR-mediated cell death and cytokine expression can be uncoupled.
Recently, Yu et al.22 demonstrated that an MDA5 mutant lacking
N-terminal caspase recruitment domains (CARDs) engaged a pro-
grammed cell death program in prostate cancer cells but did not induce
the expression of IFN-b. However, no RNA agonists have been devel-
oped to differentially induce cell death and IFN and pro-inflammatory
cytokine expression in cancer cells. In this study, we generate and
screen multiple nuclease-resistant RNA molecules that can differen-
tially induce immunogenic cancer cell death with or without concom-
itant expression of IFN-b and pro-inflammatory cytokines.

RESULTS
Screening of RNAMolecules for Differential Induction of Cancer

Cell Death and Expression of IFN-b and Pro-inflammatory

Cytokines

50(p)pp and a short RNA duplex composed of interstranded or intra-
stranded base pairs (10–20 bp) are well known motifs recognized by
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RIG-I.23,24 MDA5 and TLR3 are activated by long dsRNA (0.5–
6 kb)25 and short dsRNAs (>21 bp),26 respectively, in a sequence-in-
dependent manner, whereas TLR7 is activated by AU- and GU-rich
short ssRNAs in a sequence-dependent manner.27 However, other
motifs recognized by RIG-I, MDA5, TLR3, and TLR7 likely exist.
We recently found that transfection with RNA aptamers containing
50ppp and stem-loop(s) induced cell death and IFN-b expression in
human melanoma cells in a RIG-I- and IPS-I-dependent manner.28

Using the structure and sequence information of these RNA ligands,
we first designed ssRNAs containing 50ppp, AU and GU motifs, and
various length and numbers of stem-loops to determine optimal RNA
structures for enhancement of PRR-mediated immunogenic cell
death and type I IFN expression in human cancer cells (Figure 1;
Table S1). To increase the stability and cellular half-life of RNA li-
gands, we incorporated 20-fluoro (20F) pyrimidines into the RNAs.
These RNAs are referred to as immunogenic cancer cell-killing
RNAs (ICRs).

Transfection with ICRs containing at least one stem structure longer
than 9 bp induced cytotoxicity in human melanoma cells in a dose-
dependent manner, whereas linear ICRs and ICRs containing a
stem structure shorter than 9 bp had no cytotoxicity in these cells
(Figure 1; Figure S1). Interestingly, the 50 overhang length but not
the 30 overhang length is inversely correlated with cytotoxicity. Unlike
cytotoxicity, ICRs with a blunt end on a 9- to 12-bp-long stem-loop
induced 2- to 3-fold higher production of IFN-b by human mela-
noma cells than poly(I:C), whereas the length of 50 and 30 overhangs
and the number and length of stem-loops were inversely correlated
with IFN-b expression in human melanoma cells (Figures 1 and
2A). To elucidate the difference between cytotoxicity and IFN-b
expression patterns of different ICRs, we further investigated two
representative ICRs, ICR2 and ICR4. ICR2 is a blunt-ended hairpin
RNA 23 nt in length and induced high cytotoxicity and high IFN-b
expression, whereas ICR4 is predicted to form a double stem-loop
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Figure 2. ICR4 Induces Decreased IFN-b and Pro-inflammatory Cytokine Expression in Human Cancer Cells and Innate Immune Cells Compared with ICR2

(A–E) WM266-4 cells (A, 1 � 104 cells/well), human PBMCs (B and E, 1 � 105 cells/well), and human DCs (C and D, 5 � 104 cells/well) were transfected for 4 hr with ICR2,

ICR4, or poly(I:C) (1 mg/mL each) or transfection agent alone (Mock) in a 96-well plate. (A–D) Culture supernatants were harvested at 24 hr after transfection. (E) growth of

human PBMCs was measured 3 days after transfection using an MTS assay. Data are the mean of three experiments. Error bars show SD. *p < 0.05.
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structure 55 nt in length and induced high cytotoxicity and low IFN-b
expression (Figure 1; Figure S1).

ICR2 and ICR4 Differentially Induced Expression of Pro-

inflammatory Cytokines and IFN-b in Human and Mouse Cancer

Cells and Innate Immune Cells

We next asked whether ICR2 and ICR4 differentially induced cyto-
toxicity and IFN-b expression in different types of cancer cells other
than melanoma cells. Both ICR2 and ICR4 induced an over 70%
decrease in proliferation of human prostate cancer cells (DU-145)
and human pancreatic cancer cells (PANC-1 and BxPC3). ICR2
induced more than a 2-fold higher increase in IFN-b expression in
these cells than ICR4 (Figure S2). Differential induction of IFN-b
expression by ICR2 and ICR4 was also observed in innate immune
cells, including human peripheral blood mononuclear cells (PBMCs)
and DCs (Figures 2B and 2C). In addition to IFN-b, the expression
of pro-inflammatory cytokines, e.g., tumor necrosis factor alpha
(TNF-a) and interleukin-6 (IL-6, in human DCs were significantly
less induced by ICR4 than ICR2 (Figure 2D). Interestingly, transfec-
tion with ICR2 induced significantly higher IFN-b expression in
human cancer cells and DCs than transfection with poly(I:C), but
transfection with ICR2 induced a significantly lower expression of
TNF-a and IL-6 than transfection with poly(I:C) (Figures 2A–2D).
In contrast to cancer cells, ICR2 and ICR4 did not induce cytotoxicity
in human PBMCs (Figure 2E). Surprisingly, ICR2 did not induce
cytotoxicity or expression of IFN-b, TNF-a, and IL-6 inmouse cancer
cells. ICR4 induced cytotoxicity and IFN-b expression in mouse
melanoma and mouse pancreatic cancer cells, although the cytotoxic
effects were much less in mouse cancer cells compared with human
counterparts (48.11% ± 5.365% [B16] versus 92.7075% ± 1.223%
[WM266-4]; 41.59% ± 7.809% [PANC-02] versus 88.39% ± 4.470%
[PANC-1]) (Figures S2 and S3).

ICR2 Induced Delayed IFN-Dependent Cell Death, whereas ICR4

Induced Acute IFN-Independent Cell Death

We next elucidated the mechanism of cytotoxicity induced by ICR2
and ICR4 in human cancer cells. Annexin V single-positive cells
represent early apoptosis, whereas Annexin V and 7-aminoactinomy-
cin D (7-AAD) double-positive cells are primary and secondary
necrotic cells.29 Early apoptosis appeared at 4 hr after transfection
with ICR4 or poly(I:C), and both early apoptosis and primary and
secondary necrosis gradually increased in these cells during culture
(Figures 3A and 3B). In cells transfected with ICR2, no significant
cell death appeared at 4 hr, and only marginal early apoptosis and ne-
crosis appeared at 24 hr. Interestingly, cells transfected with ICR2
showed many more necrotic events than early apoptotic events at
48 hr (Figure 3A). It has been shown that T7 RNA polymerase has
a RNA-dependent RNA polymerase activity, and T7 RNA polymer-
ase-induced in vitro transcription (IVT) potentially forms non-tem-
plated self-complementary products.23 We observed that ICR2
produced by T7 RNA polymerase-induced IVT contained both the
expected length of ICR2 RNA and a longer ICR2 IVT product than
Molecular Therapy Vol. 25 No 6 June 2017 1297
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Figure 3. ICR4 and Poly(I:C) Induced Acute Cell Death, whereas ICR2 Induced Delayed Cell Death

(A–C) WM266-4 cells (2� 105 cells/well) were transfected for 4 hr with ICR2, ICR4, or poly(I:C) (1 mg/mL each) or transfection agent alone (Mock) in a 24-well plate. Cells and

culture supernatants were harvested 4, 24, and 48 hr after transfection. (A and B) Cell death was determined using Annexin V and 7-AAD staining. % Cell death = (% Annexin

V+/7-AAD�) + (% Annexin V�/7-AAD+) + (% Annexin V+/7-AAD+). (C) IFN-b production was determined by ELISA. (D and E) ICR2 but not ICR4 induced IFN-dependent cell

death. WM266-4 cells (1 � 104 cells/well) were transfected for 4 hr with ICR2, ICR4 (0.2 mg/mL each), or transfection agent alone (Mock) in a 96-well plate. Recombinant

human IFN-b (100 ng/mL) was used as a positive control. Immediately after transfection, cells were cultured for 3 days in the presence or absence of B18R (1 mg/mL).

Cytotoxicity was determined by Annexin V/7-AAD assay (D) andMTS assay (E). In (A), the data represent three individual experiments. In (D), the data represent two individual

experiments. In (B), (C), and (E), the data are the mean of three experiments. Error bars show SD. *p < 0.05.
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expected (Figure S4A). Transfection with the longer ICR2 IVT
product induced pronounced cell death 24 hr after transfection (Fig-
ure S4B). To avoid non-specific cell death induced by IVT byprod-
ucts, expected-length ICRs were purified by PAGE. Unlike cell death,
IFN-b production by human melanoma cells was not observed 4 hr
after transfection with ICR2, ICR4, or poly(I:C). IFN-b was continu-
ously detected 24 hr and 48 hr after transfection. Cells transfected
with ICR2 produced 8- to 10-fold higher amounts of IFN-b than cells
transfected with ICR4 (Figure 3C). IFN-b is known to induce cell
death via multiple mechanisms, including caspase-dependent
apoptosis30 and programmed necrosis, called necroptosis.31 Thus,
we speculated that ICR2 induced IFN-dependent cancer cell death,
whereas ICR4 induced IFN-independent cancer cell death. To further
elucidate the mechanism(s) of IFN-dependent or -independent cell
death by ICR2 and ICR4, human melanoma cells were transfected
with either ICR2 or ICR4, followed by treatment with the vaccinia vi-
rus-encoded IFN a and b decoy receptor B18R. B18R significantly in-
hibited ICR2- and IFN-b-induced cell death but not ICR4-induced
cell death (Figures 3D and 3E). These data suggest that ICR2 induces
1298 Molecular Therapy Vol. 25 No 6 June 2017
cell death, at least in part, in an IFN-dependent manner, whereas
ICR4 induces apoptosis in an IFN-independent manner.

ICR2 and ICR4 Triggered Different Cell Death Mechanisms in

Human Cancer Cells

We next investigated cell death mechanisms and signaling pathways
in human cancer cells treated with ICR2 and ICR4. Carbobenzoxy-
valyl-alanyl-aspartyl-[O- methyl]- fluoromethylketone (Z-VAD)-
fmk is a pan-caspase inhibitor and is thus considered an apoptosis
inhibitor. Necrostatin-1 (Nec-1) is an inhibitor of receptor-interact-
ing serine/threonine protein kinase 1 (RIP1) and commonly used as
a necroptosis inhibitor. Cell death induced by ICR4 is more inhibited
by Z-VAD-fmk than by Nec-1, whereas the converse is true for ICR2
as cell death is more inhibited by Nec-1 than by Z-VAD-fmk (Fig-
ure 4A). Co-treatment with both Z-VAD-fmk and Nec-1 inhibited
cancer cell death to a greater extent than single treatment with either
Z-VAD-fmk or Nec-1 (Figure 4A). These data indicate that ICR2-
induced cell death is much more dependent on RIP1 than caspases,
whereas ICR4-induced cell death is more dependent on caspases



Figure 4. ICR2 and ICR4 Trigger Differential

Activation of Cell Death and PRR Signaling

Pathways

(A) WM266-4 cells (2 � 105 cells/well) were pre-incu-

bated for 6 hr with Z-VAD-fmk, Nec-1, a mixture of

Z-VAD-fmk and Nec-1, or DMSO, followed by trans-

fection for 4 hr with ICR2, ICR4 (0.2 mg/mL each), or

transfection agent alone (Mock). Cells were cultured for

3 days in the presence of DMSO, Z-VAD-fmk, and/or

Nec-1. Cell death was determined 72 hr after trans-

fection by Annexin V/7-AAD assay. (B and C) WM266-4

cells were harvested at 24 hr after transfection with

ICR2 or ICR4 or mock transfection. Total cell lysates,

mitochondrial lysates, and nuclear extracts were pre-

pared and analyzed by western blot. (B) Expression of

cell death-associated molecules, including cleaved

caspase-3 and -7, XIAP, and TRAIL, in total cell lysates

was assessed. b-Tubulin expression was used as a

loading control. (C) The expression of mitochondrial RIP1

and cytochrome c oxidase IV (COX IV) in mitochondrial

lysates, NF-kB, p65, and histone H3 in nuclear extracts,

and phospho-IRF3 in total cell lysates was determined.

Error bars represent the SD. In (A), the data are the mean

of three experiments. Error bars show SD. In (B) and

(C), the data represent two individual experiments.

*p < 0.05 (versus DMSO).
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than RIP1. Consistent with this result, the expression levels of cleaved
caspase-3 and -7 in melanoma cells treated with ICR4 were found
to be much higher than in cells treated with ICR2 (Figure 4B). In
contrast, cells treated with ICR2 had significantly more RIP1 translo-
cated in mitochondria than cells treated with ICR4 (Figure 4C).
Interestingly, both ICR2 and ICR4 significantly downregulated anti-
apoptotic protein X-linked inhibitor of apoptosis (XIAP) and upregu-
lated pro-apoptotic protein TNF-related apoptosis-inducing ligand
(TRAIL) in human melanoma cells (Figure 4B). These observations
suggest that both ICR2 and ICR4 sensitize human cancer cells to pro-
grammed cell death by downregulation of XIAP and upregulation of
TRAIL.

Differential Activation of NF-kB in Cancer Cells Treated with

ICR2 and ICR4

Cells treated with ICR2 produced much more IFN-b and pro-inflam-
matory cytokines than cells treated with ICR4 (Figure 2). We specu-
lated that ICR2 and ICR4 differentially activated NF-kB and IRF
signaling pathways, which led to the expression of inflammatory
cytokines and IFNs, respectively. NF-kB was highly detected in the
nuclear fraction of cells transfected with ICR2 but only marginally
detected in the nuclear fraction of cells transfected with ICR4,
whereas phosphorylated IRF3 was similarly detected in cells trans-
fected with either ICR2 or ICR4 (Figure 4C). Activation of IRF3 is
known to have dual roles in anti-viral responses, including induction
of apoptosis and expression of type I IFN genes.32 Although IRF3 was
equally activated by ICR2 and ICR4 in human melanoma cells, IRF3
might play different roles in cells transfected with ICR2 and ICR4.
Further studies are needed to elucidate the functional activity of
IRF3 in cells transfected with ICR2 and ICR4.
Activation of RNA-Sensing PRRs by ICR2 and ICR4

Our recent studies demonstrated that 20F-modified RNA aptamers
containing 50ppp and stem-loop(s) induced programmed cell death
and IFN-b production by human melanoma and hepatocellular car-
cinoma cells in a RIG-I-dependent manner.28 To answer whether
ICR2 and ICR4 induced RIG-I-dependent cell death of human can-
cer cells, we treated Huh7.0, a RIG-I-wild-type human hepatocellu-
lar carcinoma cell line, and Huh7.5, a RIG-I mutant Huh7.0 cell
line, with either ICR2 or ICR4. ICR4 was cytotoxic to Huh7.0 cells
but not to Huh7.5 cells (Figure 5A). Interestingly, ICR2 induced
similar cytotoxicity in Huh7.0 and Huh7.5 cells. Moreover, ICR4,
but not ICR2, had significantly reduced cytotoxicity in human mel-
anoma cells with small interfering RNA (siRNA)-mediated RIG-I
knockout, whereas ICR4 and ICR2 led to similar levels of cytotox-
icity in human melanoma cells with knockout of other cytoplasmic
RNA-sensing PRRs, including PKR and MDA5 (Figures 5B and
5C). Furthermore, human TLR3 and TLR7 reporter cells were not
stimulated by ICR2 and ICR4 (Figure 5D). Removing 50ppp of
ICR2 and ICR4 by bacterial alkaline phosphatase (BAP)-induced
dephosphorylation significantly prevented cell death and IFN-b
production by human melanoma cells (Figures 5E and 5F). Interest-
ingly, 2’ hydroxyl (20OH) pyrimidine-incorporated ICR4 signifi-
cantly decreased cytotoxicity, but not IFN-b-inducing activity,
compared with 20F pyrimidine-incorporated ICR4, whereas 20OH
pyrimidine-incorporated ICR2 completely abrogated both cyto-
toxicity and IFN-b-inducing activity (Figure S5). Thus, ICR4
induced anti-cancer responses in a RIG-I-dependent but PKR-
and MDA5-independent manner. By contrast, ICR2-induced anti-
cancer responses did not appear to be affected by the loss of
RIG-I, MDA5, or PKR.
Molecular Therapy Vol. 25 No 6 June 2017 1299
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Figure 5. Induction of RNA-Sensing PRR-Mediated

Cytotoxicity by ICR2 and ICR4

(A) Huh7.0 (RIG-I wild-type) and Huh7.5 (RIG-I mutant)

cells (7 � 103 cells/well) were transfected with ICR2 or

ICR4 (1 mg/mL each) or mock-transfected in a 96-well

plate. Cytotoxicity was determined 3 days after trans-

fection by MTS assay. (B) RIG-I, PKR, and MDA5 in

WM266-4 cells were knocked down three times with

siRNAs. Cells (1 � 104 cells/well) were re-plated in a

96-well plate and transfected with ICR2 or ICR4

(0.2 mg/mL each) or mock-transfected. Cytotoxicity

was determined 3 days after transfection by MTS assay.

(C) Knockdown of RIG-I, MDA5, and PKR in human mel-

anoma cells. siRNA-mediated knockdown efficiency was

assessed 4 days after mock transfections (control) or

siRNA (lacking 50ppp) transfections by western blot using

siRNA-corresponding antibodies as indicated. b-Actin

antibody was used as a loading control. (D) HEK-TLR3

and HEK-TLR7 reporter cells (4 � 104 cells/well each)

were transfected with ICR2, ICR4 or poly(I:C) (pIC)

(0.5 mg/mL each). Non-transfected poly(I:C) and R848

were used as positive controls for TLR3 and TLR7,

respectively. PBS treatment was used as a negative

control. (E and F) ICR2 and ICR4 were dephosphorylated

by treatment with a BAP. The dephosphorylation was

repeated twice. WM266-4 cells were transfected with

BAP-treated and BAP-untreated ICR2 or ICR4 (30 nM

each) or mock transfection. Cytotoxicity and IFN-b pro-

duction was determined 2 days after transfection. Error

bar represent SD. *p < 0.05.

Molecular Therapy
ICR2 and ICR4 InducedTranslocation of Calreticulin andHMGB1

Certain types of anti-cancer agents (e.g., doxorubicin [Dox]) can
induce immunogenic cell death, characterized by the release of
DAMPs, the surface expression of an “eat me” signal (e.g., the endo-
plasmic reticulum-residential protein Calreticulin), and the activation
of innate immune cells such as DCs and NK cells.33 This immuno-
genic cell death significantly contributes to the overall therapeutic
outcomes of cancer therapies by the induction of anti-tumor immune
responses. Both ICR2 and ICR4 slightly induced surface translocation
of Calreticulin (Figure 6A). It has been shown that surface Calreticu-
lin facilitates phagocytosis of Dox-treated cancer cells by DCs.34 To
study phagocytosis of ICR2- and ICR4-treated cancer cells by DCs,
human immature DCs were incubated with human melanoma cells
killed by ICR2 and ICR4, as shown in Figure 6B. These dead/dying
cancer cells were taken up by DCs as effectively as cells killed by
Dox. Translocation of HMGB1 from the nucleus to the cytoplasm
was also observed in human melanoma cells treated with ICR2 and
ICR4 (Figure S6). Interestingly, treatment with ICR2 induced signif-
icantly higher levels of HMGB1 release from human melanoma
cells than treatment with ICR4 or Dox and similarly high levels as
treatment with poly(I:C) (Figure 6C). Consistent with increased
HMGB1 release, DAMPs generated by ICR2-indcued melanoma
cell death induced significantly more activation of HMGB1-recog-
nizing TLR4 than DAMPs generated by ICR4-induced cell death
(Figure 6D) even though DAMPs released by ICR4-induced cell death
were significantly more potent in stimulating TLR4 than DAMPs
released by Dox-induced cell death.
1300 Molecular Therapy Vol. 25 No 6 June 2017
ICR2 and ICR4 Induced the Release of Innate Immune-

Stimulatory and Pro-coagulant DAMPs from Human Cancer

Cells

To elucidate whether DAMPs released from cancer cells treated with
ICR2 and ICR4 stimulate other TLRs, we collected and incubated
DAMPs released from dead/dying human melanoma cells with
TLR2, TLR3, and TLR9 reporter cells. The levels of activation of these
TLR reporter cells were not significantly different between DAMPs
released from ICR2-treated cells and from poly(I:C)-treated cells.
DAMPs released from ICR2-treated cells, however, more potently
activated TLR reporter cells than DAMPs released from ICR4-treated
cells. ICR4-treated cells induced significantly higher TLR3 activation
than Dox-treated cells (Figure 6E), whereas ICR4-treated cells
induced significantly less TLR2 and TLR9 activation than Dox-
treated cells (Figures 6F and 6G). These DAMPs released from
ICR2- and ICR4-treated cancer cells stimulated immature human
DCs to produce cytokines (Figure S7). In addition to immune-stim-
ulatory activities, DAMPs are known to facilitate hemostasis and
thrombosis35 and may play an important role in tumor recurrence
and metastasis after anti-cancer therapies.36 Interestingly, DAMPs
released from ICR2- and poly(I:C)-treated human melanoma cells
activated coagulation of plasma compared with DAMPs released
from mock-transfected cells, whereas DAMPs released from ICR4-
and Dox-treated melanoma cells did not significantly change plasma
coagulation times (Figure S8). These data suggested that ICR4-treated
cancer cells released lower amounts of innate immune stimulators
and pro-coagulants than ICR2-treated cells.



Figure 6. Release of Innate Immune-Stimulatory DAMPs andCalreticulin fromHumanCancer Cells after Treatments with Immunogenic Cell Death-Inducing

Agents

(A) WM266-4 cells (2 � 105 cells/well) were transfected with ICR2 or ICR4 (0.5 mg/mL each) in a 24-well plate and harvested 24 hr after transfection. Surface expression of

Calreticulin was determined by flow cytometry. (B) Uptake of dead/dying WM266-4 cells treated with ICR2, ICR4, or Dox by DCs was determined by phagocytosis assay.

(C) Secretion of nuclear protein HMGB1 from cells treated with ICR2, ICR4, or Dox was determined by ELISA. (D–G) DAMPs were isolated from WM266-4 cells treated with

transfection agent alone (Mock DAMP), ICR2 (ICR2 DAMP), ICR4 (ICR4DAMP), poly(I:C) (pIC DAMP), or Dox (Dox DAMP) as described inMaterials andMethods. HEK-TLR2,

HEK-TLR3, HEK-TLR4, and HEK-TLR9 reporter cells (5 � 104 cells/well) were incubated with DAMPs (25% v/v). Activation of TLRs was determined by colorimetric assay.

Pam3CSK4, non-transfected poly(I:C), LPS, and CpG 2006 were used as positive controls in TLR reporter assays. In (A) and (B), the data represent two individual ex-

periments. In (C)–(G), the data are the mean of three experiments. Error bars show SD. *p < 0.05.
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In Vivo Transfection with ICR2 and ICR4 Extended Survival in

Melanoma-Bearing Mice

Finally, we evaluated the in vivo therapeutic efficacy of ICR2 and
ICR4 in a human melanoma xenograft model. Repeated intratumoral
treatments with ICR2 or ICR4 inhibited tumor growth (Figure 7A)
and significantly enhanced survival in nude mice with subcutaneous
human melanoma xenografts (Figure 7B). A trend toward a reduced
therapeutic effect of ICR4 compared with ICR2 and the gold-standard
PRR-stimulating RNA agonist poly(I:C) was observed; however, the
difference between ICR2, ICR4, and poly(I:C) was not statistically sig-
nificant. In immunocompetent mice bearing B16 mouse melanoma,
ICR4 treatment appeared to be significantly less therapeutically effec-
tive than poly(I:C) treatment (Figure 7C).
DISCUSSION
PRR-induced cancer cell death accompanies the release of multiple
immune and hemostatic modulators (e.g., IFNs, inflammatory cyto-
kines, and DAMPs) that orchestrate the stimulation of innate and
adaptive immune responses against cancer and also, potentially, cause
destructive inflammatory responses against normal tissues and
thrombotic complications. It has long been asked how the dichoto-
mous responses generated by PRR-induced cancer cell death are
favorably modified to enhance the anti-cancer therapeutic effects
and overall benefits of PRR therapeutics. Both ICR2 and ICR4 are
novel PRR-stimulating ssRNAs that provoked strong immunogenic
cell death of human cancer cells and significantly reduced TNF-a pro-
duction by human cancer and immune cells compared with poly(I:C).
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Figure 7. Inhibition of Tumor Growth by ICR2

and ICR4

(A and B) Human melanoma WM266-4 cells (7 � 105)

were injected subcutaneously into a nude mouse.

Tumor-bearing mice were intratumorally injected daily for

5 consecutive days with ICR2, ICR4, or pIC (20 mg/mouse

each) using in vivo-jetPEI (n = 9). (C) B16-F0 mouse

melanoma cells (2 � 105) were injected subcutaneously

into a syngeneic C57BL/6 mouse. Either ICR4 or pIC

(20 mg/mouse each) was administered intratumorally

for 4 consecutive days (n = 5). Tumor growth (A) was

measured every other day, and the survival rate (B and C)

was determined. Error bars show SD. *p < 0.05 (vehicle

versus ICR2, ICR4, and pIC).
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ICR2 induced IFN-dependent necroptosis of human cancer cells
and much higher amounts of type I IFN than ICR4. In contrast,
ICR4 induced RIG-I-dependent apoptotic cell death and generated
significantly fewer inflammatory and less coagulative DAMPs than
ICR2.

It has been thought that physiological cell death such as apoptosis is
poorly immunogenic or tolerogenic, whereas pathological death such
as necrosis is immunogenic.37 However, it has also been shown that
certain apoptotic agents (e.g., Dox), induced more immunogenic
cancer cell death than necrotic agents.34,38 It is still unclear how the
immune system differentially responds to different types of cancer
cell death. Although the types of TLRs stimulated by ICR4-generated
DAMPs were similar to those stimulated by ICR2- and poly(I:C)-
generated DAMPs, the signal strength of TLRs stimulated by ICR4-
generated DAMPs was significantly lower than that of TLRs stimu-
lated by ICR2- and poly(I:C)-generated DAMPs. Consistent with
TLR signal strength, ICR4-induced cell death released significantly
fewer amounts of the endogenous TLR4 ligand HMGB1 than
ICR2- and poly(I:C)-induced cell death.

However, the levels of DAMPs are not always directly correlated with
the immunogenicity and TLR-stimulatory activity of cell death. Both
ICR4 and Dox induced apoptotic cancer cell death, and they pro-
duced comparable amounts of HMGB1 release. However, TLR4 re-
porter cells were stimulated by ICR4-generated DAMPs but not by
Dox-generated DAMPs. Depending on the oxidative state, HMGB1
was shown to differentially induce innate and inflammatory re-
sponses.39 Reduced HMGB1 is able to stimulate TLR4 and has
immune-stimulatory activity, but oxidized HMGB1 does not stimu-
late TLR4 and has tolerogenic activity.39,40 These data suggest that
different types of cell death may generate quantitatively and qualita-
tively different DAMPs and lead to different types of TLR stimulation
and different immune responses.
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Kohlway et al.24 demonstrated that a 50ppp
RNA hairpin with a duplex length of 10 bp
effectively stimulated RIG-I ATPase activity
in vitro, and transfection with this RNA hairpin
induced IFN-b production by the RIG-I-ex-
pressing 293T cell line. ICR2 is a 20F-modified
50ppp RNA hairpin with a duplex length of 9 bp. The secondary
structure of ICR2 is very similar to Kohlway’s RNA hairpin. However,
ICR2 does not contain known RIG-I stimulating motifs (e.g.,
U/UC),41 whereas Kohlway’s RNA has a U/UC motif. We demon-
strated that treatment with ICR2 showed comparable cytotoxicity
to both the Huh7.0 and RIG-I-deficient Huh7.5 cell lines. Further-
more, ICR2-induced cancer cell death and IFN-b expression were
not significantly affected by the deficiency of individual RIG-I,
MDA5, and PKR. One possibility is that ICR2 may be recognized
by other RNA-sensing PRRs. For example, TLR13 is an endosomal
TLR whose functions and ligands remain poorly understood.
A recent study has demonstrated that a virus-derived 16-nt ssRNA
predicted to form a stem-loop structure stimulated mouse TLR13.42

The human TLR13 gene and its anti-cancer activities have not
yet been elucidated. Nucleotide-binding oligomerization domain
2 (NOD2) is another cytoplasmic PRR that recognizes bacterial
peptidoglycan as well as viral ssRNAs.43 NOD2 triggers activation
of IRF3 and expression of IFN-b in human and mouse cells.44

Furthermore, IFIT1 selectively binds to 50ppp RNA in a sequence-in-
dependent manner and induces anti-viral responses.2 Another possi-
bility is that multiple RNA-sensing PRRs may simultaneously recog-
nize ICR2 and play compensatory roles in ICR2-induced IFN-b
expression and cell death. Further studies are needed to elucidate
the mechanism(s) of ICR2-induced innate immune stimulation and
cancer cell death.

A recent study has demonstrated that combination of immunogenic
cell death-inducing cancer therapeutics and checkpoint inhibitors
(e.g., anti-CTLA4 and anti-PD-L1) synergistically enhanced anti-tu-
mor response and anti-tumor immunity.45 ICR2 and ICR4 are potent
PRR-stimulating cytotoxic agents against human cancers. ICR2 and
ICR4 have distinctive immune-stimulatory and hemostatic activities.
Combination of dual checkpoint inhibitors and ICR4 and/or ICR2
would be a potent and effective therapy for advanced cancers.
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MATERIALS AND METHODS
Cell Culture

The human melanoma cell line WM266-4 (ATCC) was maintained
in Eagle’s minimum essential medium supplemented with 10% fetal
bovine serum (FBS), 1� non-essential amino acid (NEAA), and
1 mM sodium pyruvate (all from Invitrogen). The human prostate
cancer cell line DU145 (ATCC) was cultured in DMEM (Invitrogen)
supplemented with 1�NEAA, 1 mM sodium pyruvate, and 10% FBS.
The human hepatocellular carcinoma cell lines Huh7.0 and Huh7.5
were kindly provided by Dr. Stacy M. Horner (Duke University).
Huh7.0 cells, Huh7.5 cells, the human pancreatic cancer cell line
PANC-1 (ATCC), the murine pancreatic cancer cell line PANC-02
(NIH), and the murine melanoma cell line B16.F0 (ATCC) were
maintained in DMEM supplemented with 10% FBS. The human
pancreatic cancer cell line BxPC3 was maintained in RPMI 1640
(Invitrogen) with 10% FBS and 2 mM L-glutamine. The TLR
reporter cell lines HEK-Blue Null, HEK-Blue hTLR2, HEK-Blue
hTLR3, HEK-Blue hTLR4, and HEK-Blue hTLR9 (all purchased
from InvivoGen) stably express an NF-kB/AP-1-inducible secreted
embryonic alkaline phosphatase (SEAP) and corresponding TLR,
and these cells were maintained by following the manufacturer’s in-
structions. Human normal PBMCs (STEMCELL Technologies)
were cultured in RPMI 1640 with 10% FBS and 2 mM L-glutamine.
Immature DCs were generated from PBMCs as described previ-
ously.46 All cells were incubated at 37�C in a humidified atmosphere
with 5% CO2.
Generation of ICRs

All ICRs were produced by in vitro transcription from DNA tem-
plates using the Y639F mutant T7 RNA polymerase, followed by
gel purification, as described previously.28 All pyrimidines in the
ICRs were 20-fluoro-modified.
In Vitro RNA Treatment and PRR Stimulation

ICRs and poly(I:C) were transfected with DharmaFECT Duo lipo-
somal transfection reagent (Thermo Scientific) at a transfection re-
agent (microliter):RNA (microgram) ratio of 3:1 according to the
manufacturer’s instructions. RNAs were transfected into 80%–90%
confluent cells. Cells were incubated with an RNA-transfection agent
complex for 4 hr, followed by replenishment with fresh culture
medium. Cells and culture supernatants were harvested at various
time points. Pam3CSK4, CpG 2006, poly(I:C), and R848 (all from
InvivoGen) and lipopolysaccharide (LPS; Sigma) were used as control
TLR and PRR agonists.
Quantification of Cell Growth Inhibition and Cell Death

Growth inhibition relative to untreated cells was quantified 72 hr
after treatment using the Celltiter 96 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
cell proliferation assay kit (Promega) according to the manufacturer’s
instructions. The percent growth inhibition was calculated by using
the following equation: percent growth inhibition = ([O.D.]untreated –
[O.D.]treated)/[O.D.]untreated � 100, where O.D. is optical density.
Cell death was measured using the phycoerythrin (PE) Annexin
V Apoptosis Detection Kit I (BD Biosciences).

Inhibition of Type I IFNs, RIP Kinase, and Caspases

Cells were treated with the type I IFN decoy receptor B18R (1 mg/mL,
eBioscience), the receptor-interacting serine/threonine-protein (RIP)
kinase inhibitor necrostatin-1 (100 mM, Sigma), and the pan-caspase
inhibitor Z-VAD-fmk (50 mM, InvivoGen) for 6 hr before and imme-
diately after RNA treatment. To induce IFN-b-dependent cell death,
cells were treated with recombinant human IFN-b (100 ng/ml)
(PeproTech).

siRNA Knockdown of RIG-I, PKR, and MDA5 Expression

Transient knockdown of RIG-I, PKR, and MDA5 was performed as
described previously.28 5 hr after the second siRNA transfection, cells
were harvested, replated into a 96-well plate, and incubated overnight.
Cells were then treated with PRR-activating RNAs.

Generation of DAMPs

To generate DAMPs, 5 � 105 WM266-4 cells were transfected with
RNAs (1 mg/mL) or incubated with Dox (7.5 mM, Sigma). After
4 hr, cells were washed five times with fresh culture medium and incu-
bated for 2–3 days in 1 mL of culture medium. Dead cells were
counted using trypan blue. When over 95% of cells were dead, culture
supernatants were collected by centrifugation for 5 min at 1,200 rpm
and stored at �80�C until use.

Phagocytosis Assay

Cells were labeled using the PKH67 green fluorescent cell linker
kit (Sigma). PKH67-labeled cells were killed using RNAs or Dox
(7.5 mM, Sigma). Dead/dying cells were harvested 48 hr after treat-
ment and incubated for 1 hr with immature DCs. Phagocytosis of
PKH67-labeled dead/dying cells was determined by flow cytometry.

DAMP-Induced TLR Activation and DC Stimulation

DAMPs were diluted to 25% (v/v) with complete medium. 5 � 104

TLR reporter cells or 1 � 105 immature DCs were incubated over-
night with diluted DAMPs in a 96-well plate. To determine TLR acti-
vation, the level of SEAP release was determined using a colorimetric
assay. Briefly, 40 mL of culture supernatants was harvested and incu-
bated for 3 hr with 180 mL of QUANTI-Blue (InvivoGen) in a flat-
bottom 96-well plate. SEAP activity was accessed by reading the
optical density (OD) at 650 nm with a Power Wave XS2 ELISA plate
reader (BioTek Instruments). Pam3CSK4 (a TLR2 agonist), CpG
2006 (a TLR9 agonist), poly(I:C) (a TLR3 agonist), and LPS (all
from InvivoGen) were used as control TLR stimulators. To determine
DC stimulation, cytokine production by DCs was determined by
ELISA.

In Vivo Anti-tumor Therapy

5- to 6-week-old NU/J mice were obtained from The Jackson Labora-
tory. 7 � 105 WM266-4 human melanoma cells were implanted sub-
cutaneously into the right flank of a NU/J nude mouse. When mice
had a palpable tumor, the tumor-bearing mice were intratumorally
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injected with 20 mg of RNA molecules using in vivo-jetPEI (Polyplus
Transfection) at amine to phosphate ratio (N/P) = 8. RNAs were in-
jected daily for 5 consecutive days. Tumor growth was evaluated every
other day by measuring the tumor diameter using a caliper. Tumor
volume was defined as [(width)2� (length)]/2. Mice bearing a tumor
volume exceeding 2,000 mm3 were euthanized. All experimental pro-
cedures involving the use of mice were performed in accordance with
the guidelines of and in compliance with the Animal Care and Use
Committee of Duke University.

Statistical Analysis

The difference in cell growth, cell death, cytokine production, and
tumor volume among experimental groups was compared using
two-tailed Student’s t test. Significance of survival was determined
by log-rank (Mantel-Cox) test. p < 0.05 was used for statistical
significance.
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