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TLR3 belongs to the family of intracellular TLRs that recognize nucleic acids. Endolysosomal localization and cleavage of intracel-
lular TLRs play pivotal roles in signaling and represent fail-safe mechanisms to prevent self-nucleic acid recognition. Indeed,
cleavage by cathepsins is required for native TLR3 to signal in response to dsRNA. Using novel Abs generated against TLR3, we
show that the conserved leop exposed in LRR12 is the single cleavage site that lies between the two dsRNA binding sites required for
TLR3 dimerization and signaling. Accordingly, we found that the cleavage does not dissociate the C- and N-terminal fragments, but it
generates a very stable “cleaved/associated” TLR3 present in endolysosomes that recognizes dsRNA and signals. Moreover, com-
parison of wild-type, noncleavable, and C-terminal-only mutants of TLR3 demonstrates that efficient signaling requires cleavage of
the LRR12 loop but not dissociation of the fragments. Thus, the proteolytic cleavage of TLR3 appears to fulfill function(s) other than

separating the two fragments to generate a functional receptor.

receptors that sense the presence of pathogens and trigger

a protective innate immune response (1). These germline-
encoded type I integral membrane glycoproteins bind their ligands
through their extracellular domain (ECD), which is composed of 19—
25 leucine-rich repeats (LRRs) (2). In contrast with other members
of the family that primarily recognize molecular patterns specific for
nonself invaders, TLR3, TLR7, and TLRO recognize nucleic acids
originating from microbes, as well as from the host. Several fail-safe

T oll-like receptors belong to a family of pattern recognition
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mechanisms prevent self-polynucleotide recognition and subsequent
autoimmune disorders (3). Ligands must be recognized by cell
surface receptor(s) (4) that mediate their internalization before
encountering the corresponding TLR exclusively in the acidic
endolysosomal compartment from which signal transduction can
be initiated (5). Delivery of intracellular TLRs to the endocytic
compartments is also tightly regulated by the chaperone Unc93b1
(6, 7). Finally, processing by pH-dependent lysosomal proteases is
an additional checkpoint for controlling TLR9 activation (8~10).
Although several studies on intracellular TLRs have been based
on TLRY trafficking and processing, less is known about TLR3.
TLR3 appears to be dedicated to the recognition of dsRNA (11),
and it plays a central role in the defense against HSV-1 infection
in the CNS in humans (12-15). Although endogenous mRNA can
activate TLR3 in vitro (16), its involvement in the autoimmune
response has not been demonstrated. It was shown that TLR3
dimerization is needed for dsRNA binding and signaling (17).
Moreover, analysis of the crystal structure (18, 19) and muta-
genesis (18, 20, 21) of TLR3 ECD revealed that dsRNA binding
requires interaction of the negatively charged ribose backbone of
dsRNA with residues of TLR3 dimers located in LRR1 and LRR3,
as well as with a second region formed by LRR19-LLRR21 that be-
comes positively charged in the mildly acidified endolysosomal
compartment. Therefore, the requirement for cleavage of the ECD
for TLR3 signaling (9, 10, 22) raises an intriguing issue with
regard to how endogenous TL.R3 is processed and which forms of
the receptor recognize dsRNA. In this study, we generated and
used novel mAbs directed against TLR3 ECD and mutant forms of
TLR3 to demonstrate that cleavage of the LRR12 loop, but not
separation of the two fragments, is required for signaling.

Materials and Methods

Cell culture and reagents

HEK293 and HEK293-TLR3-hemagglutinin (HA) cells (InvivoGen) were
grown in DMEM medium (Invitrogen) supplemented with 10% FBS and
penicillin/streptomycin. Human bronchial epithelial cell line BEAS-2B
(Sigma) was cultured in LHC-9 medium (Invitrogen) in bovine collagen
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type I (Invitrogen) and fibronectin (Sigma)-coated dishes. CD14" mono-
cytes were purified from peripheral blood of healthy donors: PBMCs were
isolated from human peripheral blood by standard density-gradient centri-
fugation on Pancoll (PAN Biotech) and then mononuclear cells were sep-
arated from PBLs on a 50% Percoll solution (GE Healthcare). Monocytes
were enriched by one step of adherence and differentiated in immature
dendritic cells (DCs) in complete RPMI 1640 medium supplemented with
200 ng/ml human GM-CSF (kind gift of Schering-Plough) and 50 ng/ml
human rIL.-4 (R&D Systems) for 6 d. NCI-H292 and NCI-H1703 non-small
cell lung cancer (NSCLC) cell lines (American Type Culture Collection)
were grown in RPMI 1640 medium (Invitrogen) supplemented with 10%
FBS (Sigma), HEPES, NaPy, 100 U/ml penicillin/streptomycin, and 2 mM
glutamine. THP1 and U937 cell lines were grown in RPMI 1640 medium
(Invitrogen) supplemented with 10% FBS and 100 U/ml penicillin/strep-
tomycin. IFN-a was from Schering-Plough. Z-FA-fmk, chloroquine, tuni-
camycin, and cycloheximide were from Sigma. Polyinosinic-polycytidylic
acid [Poly(I:C)]-high molecular weight (HMW) and Poly(I:C)-low molecular
weight (LMW) were purchased from InvivoGen. polyadenylic-polyuridylic
acid [Poly(A:U)] was from Innate Pharma. Mouse monoclonal IgG1 anti-
actin Ab was from MP Biomedicals. Anti-mouse TLR3 Ab T3.7C3 was
a gift from Nadége Goutagny (Centre de Recherche sur le Cancer de Lyon,
Lyon, France). HRP-conjugated donkey anti-mouse secondary Ab was
from Jackson ImmunoResearch.

TLR3.2 and TLR3.3 Ab preparation and purification

BALB/C mice were immunized with recombinant human TLR3 ECD (R&D
Systems) by three i.p. injections of the immunogen in the presence of
Freund’s adjuvant and a final i.v. boost, 3 d before spleen isolation. Splenic
cells were fused with the SP20 myeloma cell line in the presence of
polyethylene glycol. Hybridoma supernatants were screened by immuno-
fluorescent staining of pUNO-hTLR3-HA and pUNO-hTLR3-VS5 tran-
siently transfected 293T cells with Exgen 500 (Euromedex) and fixed with
acetone. Only clones recognizing both transfected cells were selected.

Western blotting

Cells were lysed in cold lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 0.2% Nonidet P-40, supplemented with 1 mM orthovanadate, 10 mM
NaF, and a protease inhibitor mixture; Sigma) for 25 min on ice. Cell lysates
were cleared by centrifugation (13,000 X g for 10 min at 4°C), and protein
concentration was determined using the Bradford assay (Bio-Rad). Protein
lysates were denatured or not in Laemmli buffer containing 1% SDS and 5
mM DTT and heated to 95°C for 5 min. For peptide:N-glycosidase F
(PNGase)/endoglycosidase H (EndoH) digestions, lysates were treated as
recommended by the manufacturer (New England BioLabs). Proteins were
resolved on SDS-polyacrylamide gels and transferred onto polyvinylidene
difluoride membranes by electroblotting, and nonspecific binding sites were
blocked using TBS containing 0.1% Tween-20 and 5% (w/v) dry milk.
After incubation with the appropriate secondary Abs conjugated to HRP,
blots were revealed using ECL (GE Healthcare) or SuperSignal (Thermo
Scientific) reagents. For reimmunoprecipitation experiments, anti-TLR3 or
anti-HA immunoprecipitates were eluted with preheated lysis buffer con-
taining 1% SDS and 5 mM DTT; 20% of each sample was resolved by
SDS-PAGE, and the remaining 80% was diluted 10-fold in lysis buffer
and then reimmunoprecipitated with TLR3.2 or anti-HA Ab, resolved by
SDS-PAGE, and analyzed with either TLR3.2 or TLR3.3 Ab.

Immunofluorescence

Cells were washed with PBS, fixed with 4% formaldehyde for 10 min at
room temperature, and washed three times with PBS. Cells were then
blocked using Image-iT FX signal enhancer (Life Technologies) for 30 min
at room temperature and washed once with PBS. Thereafter, each washing
step was done using TBS. Cells were incubated for 1 h at room temperature
with TLR3.1, anti-HA, anti-calreticulin, early endosome Ag (EEA)1, or
Lampl (Abcam) primary Abs. After washing three times, cells were in-
cubated for 30 min at room temperature with secondary Abs (goat anti-
mouse-Alexa Fluor 488 and goat anti-rabbit—-Alexa Fluor 555 or Alexa
Fluor 633; Life Technologies). Cells were washed again 3 min each. Cover
slips were air-dried and then mounted using ProLong Gold antifade re-
agent with DAPI (Life Technologies). Images were acquired using a con-
focal microscope (Zeiss Axiovert 100 M LSM510) with a 1.4 NA Plan-
Apochromat 63X oil-immersion lens. Image noise was reduced using
a Despeckle Fiji filter.

Cytokines measurement

The supernatant from NCI-H292 and NCI-H1703 cells, cultured or not with
100 pg/ml Poly(I:C) for 24 h, was assayed for IL-6, IP-10, and RANTES
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using a MILLIPLEX MAP kit (Millipore) on a Luminex Bio-Plex 200
System Analyzer (Bio-Rad). The supernatant from monocyte-derived DCs
(mDCs), cultured or not with 100 pg/ml Poly(I:C) for 24 h, was assayed
for IL-6, IP-10, TNF-a, and IFN-A using a Quantikine ELISA test (R&D
Systems), as described by the manufacturer.

DNA cloning

Preparation of the LRRI-11 and 13-21 deletion mutants was described previ-
ously (23). For the TLR3-Ins12-HA mutant, mutagenesis was performed using
the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) and primer
pairs containing deletion of 24 nucleotides: 5'-CTGAATTTGAAACG-
GTCTTTTACTCTCCCCAAGATTGATGATTTTTCT-3’ (forward) and 5'-
AGAAAAATCATCAATCTTGGGGAGAGTAAAAGACCGTTTCAAA-
TTCAG-3' (reverse). Ten nanograms of plasmid DNA and 125 ng of pri-
mers were used, according to the manufacturer’s instructions. Two colonies
from each library were sequenced.

For the TLR3-Cteryss-HA mutant, LRR deletion mutants of TLR3 (Azp—
K3s6) were generated by PCR with Phusion (Finnzyme), using the appropriate
primers: 5'-TGTTTGGAGCACCTTAACATGGAAG-3' (forward) and 5'-
GGTGGAGGATGCACACAGCATCCCA-3' (reverse). PCR was performed
with the following cycling conditions: 10 s at 98°C, 2 min at 72°C for 25 cycles.
The PCR product was treated with Dpnl to digest the template DNA, phos-
phorylated with T4 PNK (New England BioLabs), and ligated using a DNA
Ligation kit (New England BioLabs). Deletion constructs were sequenced.
TLR3-Ctersq was provided by P. Bénaroch (Curie Institute, Paris, France).

RNA interference

Synthetic TRIF (L-012833-00-0005) and control nonsilencing (D-001810-
03-20) small interfering RNAs (siRNAs) were from Dharmacon. TLR3
Stealth RNAI siRNA (TLR3HSS110816) was from Invitrogen. siRNAs mix
was prepared in Opti-MEM medium (Invitrogen), and cells in suspension
were transfected using HiPerFect reagent (QIAGEN), as described by the
manufacturer. The final siRNA concentrations were 25 nM. Transfected
cells were seeded in 6-well plates or 96-well white plates (Greiner) and
incubated for 24 h. Medium was replaced with fresh complete medium, and
cells were incubated for 48 h before Poly(I:C) treatment.

Generation of ISRE— and NF-«kB-luciferase reporter cell lines

HEK?293, NCI-H292, and NCI-H1703 cells were transduced with luciferase
ISRE- or NF-«B-reporter lentiviruses (SABiosciences), according to the
manufacturer’s recommendations, and transduced cells were selected with
puromycin.

Reporter luciferase assays

Cells were seeded in white 96-well plates (10,000 cells/well); 24 h later they

were treated with 10 pg/ml poly(I:C) in 50 pl medium for 4 or 6 h,
depending on the cell line. Then, 50 pl Steady-Glo reactive (Promega) was
added to each well before reading luminescence with a Tecan Infinite 200
microplate reader using i-control software (Tecan).

Transient expression in HEK293 cells

Cells were seeded in 100-mm dishes to reach ~70% confluence on the day
of transfection. Cells were transfected with pUNO, TLR3-wild-type
(WT)-HA, TLR3-Ins12-HA, TLR3-Cterss¢-HA, or TLR3-Cters6-HA by
incubating 8 pl Lipofectamine 2000 (Invitrogen) with 8 g plasmid in 6
ml Opti-MEM medium for 5 h; subsequently, Opti-MEM was replaced by
fresh medium. Twenty-four hours after transfection, cells were trypsinized
and seeded in 96-well white plates and 6-well plates and incubated for 24 h.

Stable transfections

P2.1 cells were transfected with pUNO-hTLR3 vectors, which contain WT
TLR3 cDNA, TLR3-Ins12 mutant, or TLR3-Cter356 mutant cDNA, or with
an empty mock vector, in the presence of Lipofectamine Reagent (Invi-
trogen) and PLUS Reagent (Invitrogen), as described by the manufacturer.
Stable transfectants were selected with medium containing blasticidin (5 pg/ml;
Invitrogen). The presence of TLR3 was confirmed by Western blotting.

Determination of mRNA levels by RT-quantitative PCR

Total RNA was extracted from P2.1 cells. RNA was reverse-transcribed
using Oligo-deoxy-thymidine. To determine mRNA levels for IL-29,
quantitative PCR was performed with Assays-on-Demand probe/primer
combinations and 2X universal reaction mixture in an ABI Prism 7700
Sequence Detection System (all from Applied Biosystems). The B-glu-
curonidase (GUS) gene was used for normalization. Results are expressed
according to the ACt method, as described by the manufacturer.
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Coimmunoprecipitation

Cells were cultured in 150-mm dishes, collected, washed in PBS, and lysed
in 750 wl cold lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.2%
Nonidet P-40, supplemented with 1 mM orthovanadate, 10 mM NaF, and
a protease inhibitor mixture; Sigma) for 25 min on ice. Cell lysates were
cleared by centrifugation (13,000 X g for 10 min at 4°C). Lysates were
precleared with 50 pl Sepharose-6B (Sigma) for 1 h at 4°C and then
immunoprecipitated overnight at 4°C with 5 ug mouse anti-TLR3.2, anti-
TLR3.3, or control IgG1 Ab (R&D Systems) and the following day in the
presence of 20 wl protein G-Sepharose for 3 h at 4°C. Beads were re-
covered by centrifugation, and immunoprecipitates were washed exten-
sively with lysis buffer and eluted with Laemmli buffer containing 1%
SDS and 5 mM DTT and heated to 95°C for 10 min.

TLR3 ECD modeling

The MacPyMOL software (DeLano Scientific) was used to generate the 3D
representation of the TLR3 structure shown on Figs. 1C and 5A (PDB:1ZIW).

Statistical analysis

Statistical significance was determined using the Student ¢ test.

Results

Profiling endogenous TLR3 expression

To analyze the biology of endogenous TLR3, we generated three
new mAbs (designated as TLR3.1, TLR3.2, and TLR3.3) raised
against the ECD of the receptor. First, the Abs were validated using
HEK293 cells stably expressing TLR3 tagged with a C-terminal
HA epitope (HEK293-TLR3-HA). In this model, Western blots
probed with anti-HA, TLR3.2, and TLR3.3 Abs revealed an ~130
kDa band corresponding to the expected molecular mass of highly
glycosylated TLR3 (Fig. 1A) (24). The stronger signal observed
with TLR3.2 suggested that this Ab has a higher affinity for TLR3
than does TLR3.3. In addition, anti-HA and TLR3.2 Abs stained

A HEK293 B

1B: -HA TLR3.2 TLR3.3

TLR3-HA
TLR3-HA

EV

SIGNALING TLR3 AS A CLEAVED/ASSOCIATED RECEPTOR

a second band at ~72 kDa similar to the C-terminal fragment of
TLR3 observed after cleavage by cathepsin. In addition, TLR3.3
Ab detected a third band (Fig. 1A) not recognized by anti-HA
mAb and with a size ~60 kDa that could represent the N-
terminal fragment of cleaved TLR3. TLR3.1 Ab did not detect
TLR3 by Western blot, but it showed the same staining by im-
munofluorescence as observed with anti-HA Ab (Fig. 1B, Sup-
plemental Fig. 1A). To unequivocally identify the different bands
revealed by TLR3.2 and TLR3.3 Abs on Western blot, we mapped
the recognized epitopes using 20 single LRR-deleted forms of the
ECD of TLR3 (LRRI1-11 and LRR13-21) (23). Fig. 1C estab-
lishes that TLR3.2 Ab recognizes an epitope present in LRR20,
whereas TLR3.3 binds to an epitope formed by residues present in
LRR7 and LRRS8. We next verified whether similar expression
profiles could be observed in human cells of different origins and
wondered how treatment with IFN-«, which is known to upreg-
ulate the expression of TLR3 (25), would modify this pattern. We
determined TLR3 expression by immunoblot of lysates from
mDCs (Fig. 1D), from human monocytic cell lines U937 and
THP1 (Supplemental Fig. 1B, 1C), and from human bronchial
epithelial cells transformed by SV40-T Ag (BEAS-2B; Supple-
mental Fig. 1D) or derived from NSCLC (NCI-H292 and NCI-
H1703; Fig. 1E). The three forms of TLR3 (130, 72, and 60 kDa)
were present in every lysate with the exception of THPI, which
did not appear to express TLR3 (Supplemental Fig. 1B) or re-
spond to Poly(I:C) (Supplemental Fig. 1E). Resting MRC-5 cells
were also devoid of TLR3, but kinetic analysis showed that IFN-a
treatment led first to the detection of the high molecular mass
bands (~130 and ~135 kDa) of TLR3, followed by an increase in
the intensity of the lower ~72-kDa molecular mass band detected
by TLR3.2 mAb (Fig. 1F), suggesting that the former might

HEK283-TLR3-HA

LRR deletion TLR33 \
1B: TLR3.2[100 LRR1 (N-ter)™ ™
1B: TLR3.3100 {5 = LRR23 (C-ter) .,

1B: -Flagl100 TLR3.2

E B

D mDC

TLR3.2

TLR3.3

1B: TLR3.2 TLR3.3

IFN

IB: -actin

FIGURE 1. Profiling endogenous TLR3 expression. (A) Immunoblot analysis of HEK293 cells stably expressing an empty vector (EV) or TLR3-HA;
lysates were analyzed with monoclonal anti-HA, TLR3.2, TLR3.3, and anti-actin Abs. (B) Immunofluorescence of HEK293 cells stably expressing TLR3-
HA,; cells were stained with anti-HA or TLR3.1 Abs, followed by DAPI nuclear staining (blue). Original magnification X63. (C) Left panel, Epitope
mapping of TLR3.2 and TLR3.3 Abs on HEK293 cells stably transfected with TLR3-HA WT (—) or TLR3-HA mutants carrying LRR deletions {1-11 and
13-21, as indicated). Lysates were analyzed with monoclonal TL.R3.2, TLR3.3, and anti-Flag Abs, as indicated. Right panel, Schematic representation of
epitopes recognized by TLR3.2 and TLR3.3 Abs on TLR3 ECD. (D) Immunoblot analysis of mDCs treated (+) or not (—) for 18 h with IFN-a (1000 1U/
ml); lysates were analyzed with TLR3.2, TLR3.3, and anti-actin Abs. (E) Immunoblot analysis of NCI-H292 and NCI-H1703 cells treated (+) or not (—) for
18 h with IFN-a (1000 IU/ml); lysates were analyzed with TLR3.2, TLR3.3, and anti-actin Abs. (F) Immunoblot analysis of MRC-5 cells treated (+) or not
(—) for the indicated times with IFN-a (1000 IU/ml); lysates were analyzed with TLR3.2 and anti-actin Abs. Values in (A) and (C)—(F) represent molecular
mass (kDa). All data are representative of at least three independent experiments. NS, Nonspecific band.
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represent the precursors of the latter. In other cell lines, the ab-
solute and relative intensities of the three bands varied depending
on the origin of the cells, the Ab used, and the treatment with IFN-
a. However, under basal conditions, all cells primarily expressed
the 72 and 60 kDa TLR3 forms. Treatment with IFN-« increased
the intensity of the three bands and allowed the detection of a
higher molecular mass form ~135 kDa in mDCs and in the four
cell lines analyzed (asterisk in Fig. 1D-F and Supplemental Fig.
ID). In conclusion, our data suggest that human TLR3 is spon-
taneously cleaved into a C-terminal fragment ~72 kDa recognized
by TLR3.2 and a C-terminal fragment ~60 kDa recognized by
TLR3.3, and the relative abundance of cleaved versus uncleaved
TLR3 appears to vary with the cell under consideration.

TLR3 ECD cleavage by cathepsins generates two remarkably
stable fragments

To further explore the processing of endogenous TLR3 and its
functional consequences, we selected the NCI-H292 and NCI-
H1703 NSCLC cell lines, which triggered an innate immune re-
sponse when stimulated with Poly(I:C), as indicated by cytokine
secretion (Supplemental Fig. 2A) and by activation of ISRE-
dependent luciferase reporter genes (Supplemental Fig. 2B). We
ascertained that this response was mediated exclusively by TLR3
by showing its strict dependence on TRIF, the only known adaptor
for TLR3 (Supplemental Fig. 2B). We started analyzing the effects
of the cathepsin inhibitor Z-FA-fmk on the expression of the
different forms of TLR3. Following Z-FA-fmk treatment, the 130
kDa band became more intense with time, whereas the 72 and
60 kDa bands gradually disappeared in both NCI-H292 and NCI-
H1703 cells (Fig. 2A, Supplemental Fig. 2C, respectively), as
well as in HEK293-TLR3-HA cells (Fig. 2B). These results
confirm that cathepsins are necessary for TLR3 cleavage in epi-
thelial cells (22). In NCI-H292 cells, the accumulation of full-
length TLR3 was observed as early as 120 min after the addi-
tion of Z-FA-fmk (Fig. 2C), whereas in the three cell lines both
C-terminal (TLR3 ;) and N-terminal (TLR3n.,) TLR3 fragments
disappeared with an apparent t, >24 h (Fig. 2A, 2B, Supple-
mental Fig. 2C). Of note, Z-FA-fmk induces a shift of TLR3 full-
length (TLR3g) from 130 kDa to 135 kDa (TLR3g.,) in both
NSCLC cell lines, which is more visible after prolonged gel mi-
gration (Fig. 2D). This TLR3g., could represent the fully glyco-
sylated form of TLR3 leaving the post-Golgi cisternae and not
cleaved yet. Published data with regard to the effects of cathepsin
inhibitors on TLR3 signaling seem contradictory (8, 9). In this
study, we observed that ISRE- and NF-«B—dependent responses to
Poly(I:C) were not modified after prolonged treatment with Z-FA-
fmk in NCI-H292 cells (Supplemental Fig. 2D), whereas they
were significantly, but not completely, suppressed in NCI-H1703
cells (Supplemental Fig. 2E). However, considering the much
nigher level of TLR3 expression in resting NCI-H292 cells than in
NCI-H1703 cells (Fig. 1E), the amounts of TLR3¢ . detected in
NCI-H292 cells after 72 h of treatment with Z-FA-fmk was still
comparable to the basal level in NCI-H1703 cells. Therefore, these
results suggest that cleaved TLR3 is important for signaling, al-
though uncleaved TLR3 might still transduce some signal. Impor-
tantly, Z-FA-fmk treatment blocked TLR3 cleavage and Poly(I:C)-
induced cytokine secretion in mDCs (Fig. 2E, 2F) and TR3
signaling in macrophages U937 cells (Fig. 2G, Supplemental Fig.
2F), whereas the response to TNF-a was unaffected. Like with
Z-FA-fmk treatment, exposure to the lysosomotropic weak base
chloroquine, which prevents cathepsin activity, led to the accu-
mulation of TLR3gr, within 3 h and to the reciprocal disappear-
ance of the two TLR3 fragments in NCI-H292 (Fig. 2H) and NCI-
H1703 {Supplemental Fig. 2G) cells after 48 h. The same results
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were obtained with the specific inhibitor of vacuolar H* ATPase
Bafilomycin (data not shown). Furthermore, short-term blockade
of de novo protein synthesis with cycloheximide confirmed the
relative high stability of endogenous TLR3c.., (apparent f;,, >
24 h) (Fig. 21, 2J) compared with TLR3g_ (apparent ty, < 4 h).
Despite a weaker signal, a half-life similar to TLR3¢_, was es-
timated for TLR3n.er (Fig. 2H, Supplemental Fig. 2G). Alto-
gether, our data indicate that, in resting cells, TLR3 is actively
transcribed and rapidly cleaved by cathepsins upon its transfer in
endolysosomes into two highly stable proteolytic fragments, in
agreement with a very recent report (26).

TLR3 transits steadily through the Golgi before being cleaved
in the endolysosomal compartments

Although TLR3, like other intracellular TLRs, depends on the
chaperone protein Unc93bl for proper trafficking, it is unclear
whether its transfer to the endolysosomes occurs constitutively or in
response to its ligand. Using TLR3.1 Ab, we observed by immu-
nofluorescence microscopy that TLR3 colocalizes extensively with
Lampl (a lysosome marker) but not with EEA1 (an early endosome
marker) (Fig. 3A, Supplemental Fig. 3) in resting epithelial cells
and that the level of colocalization remained unchanged after
stimulation with dsRNA (Supplemental Fig. 3). We next addressed
the trafficking of TLR3 by analyzing the N-glycosylation status
of the protein, which represents ~35% of its total mass (24). After
treatments of cell lysates with PNGase, which removes all N-glycans,
TLR3g and TLR3g , shifted from 130 and 135 kDa, respectively,
to 95 kDa (Fig. 3B, 3C), corresponding to the expected molecular
mass of nonglycosylated neosynthesized TLR3g (904 aa). The
TLR3c.; band shifted from 72 to 50 kDa, indicating that both
cleaved and noncleaved TLR3 are glycosylated. Treatment with
EndoH, an endoglycosidase that cleaves N-glycans before their
further modification in the Golgi apparatus, indicates that
noncleaved TLR3gy is EndoH sensitive, whereas TLR3g; . and
TLR3c.i; are partially EndoH resistant. This was similar to the
presence of hybrid glycans on TLR9 even after trafficking through
the Golgi (27). Cell treatment with tunicamycin, a de novo N-
glycosylation inhibitor, caused the rapid fading of TLR3g (ap-
parent 1, < 8 h) and the appearance of a band at ~95 kDa rep-
resenting neosynthesized nonglycosylated full-length TLR3 (Fig.
3D, 3E). Altogether, our data indicate that TLR3g corresponds
to the small amounts of TLR3 present in the endoplasmic retic-
ulum (ER), which is steadily translocated to the Golgi in resting
cells, converted into fully glycosylated TLR3gL,, and exported to
the endosomes/lysosomes, where it is rapidly cleaved.

The endolysosomal pool of cleaved TLR3 is sufficient for
signaling

To determine which forms of endogenous TLR3 are functional, we
started using specific siRNA and took advantage of the prolonged
stability of cleaved fragments versus TLR3g; . We observed that 24
and 48 h after transfection, TLR3g_ had completely disappeared,
whereas the two cleavage fragments were still abundant (Fig. 4A,
Supplemental Fig. 4A). Under these conditions, the Poly(I:C)-
induced ISRE-dependent response was not reduced (Fig. 4B),
suggesting that the uncleaved TLR3g does not contribute signifi-
cantly to downstream signaling, probably because of its weak ex-
pression compared with the cleaved fragments from the beginning
of the experiment. Indeed, ISRE activation faded away gradually
with time as the presence of cleaved TLR3 decreased (Fig. 4A, 4B).
Similar results were obtained with a NF-xB—dependent reporter
gene (Supplemental Fig. 4B). These data show that cleaved TLR3
can signal in the absence of uncleaved TLR3g and may even
represent the predominant signaling form of the receptor.
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FIGURE 2. Cleavage by cathepsins generates two TLR3 stable fragments. (&) Immunoblot analysis of NCI-H292 cells treated for the indicated times with
Z-FA-fmk (20 pM) renewed every 24 h. Lysates were analyzed with TLR3.2, TLR3.3, and anti-actin Abs. (B) Immunoblot analysis of HEK293-TLR3-HA
cells treated for the indicated times with Z-FA-fmk (20 pM) renewed every 24 h. Lysates were analyzed with TLR3.2 and TLR3.3 Abs. (€) Immunoblot
analysis of NCI-H292 cells treated for the indicated times with Z-FA-fmk (20 uM). Lysates were analyzed with TLR3.2 and anti-actin Abs. (D) Immunoblot
analysis of NCI-H292 and NCI-H1703 cells treated for 24 h with Z-FA-fmk (20 uM). Lysates were analyzed with TLR3.2 and anti-actin Abs. (E) Cytokine
production in mDCs that were pretreated for 48 h with Z-FA-fmk and then treated with Poly(I:C) (10 pg/mi) for 24 h. (F) Immunoblot analysis of mDCs that
were treated or not for 72 h with Z-FA-fmk (20 pM); lysates were analyzed with TLR3.2 and anti-actin Abs. (G) NF-kB reporter assay in U937 cells that
were pretreated for the indicated times with Z-FA-fmk (20 pM), renewed every 24 h, and then treated with Poly(1:C) at the indicated concentrations (left
panel) or with TNF-a (50 ng/ml) (right panel) for 4 h. (H) Immunoblot analysis of NCI-H292 cells treated for the indicated times with chloroquine (1 pg/ml).
Lysates were analyzed with TLR3.2, TLR3.3, and anti-actin Abs. (I) Immunoblot analysis of NCI-H292 cells treated for the indicated times with cyclo-
heximide (1.5 pg/ml). Lysates were analyzed with TLR3.2 and anti-actin Abs. (J) Immunoblot analysis of HEK293-TLR3-HA cells treated for the indicated
times with cycloheximide (1.5 j.g/ml). Lysates were analyzed with TLR3.2 and anti-actin Abs. Values represent molecular mass (kDa). Data are mean (G) or
representative (A-F, H-J) of at least three independent experiments. *p < 0.05, untreated cells versus Z-FA-fmk-treated cells.

The N- and C-terminal fragments of TLR3 ECD are needed for conserved insertion within LRR12, which protrudes on the
efficient signaling glycosylation-free side of LRRI12 (residues 335-342) (28-31),

To definitely establish the functionality of uncleaved versus cleaved ~ Was & likely site for proteolysis. Thus, the first mutant lacked the
TLR3, we expressed three mutants of TLR3 in HEK293 cells. entire LRR12 insertion (TLR3-Ins12-HA), whereas the two others
Given the apparent molecular mass of deglycosylated TLR3c e, represented the C-terminal fragment starting just at the end of the
and TLR3y;, (50 and 95 kDa, respectively; Fig. 3B, 3C), the highly LRR12 insertion (aa 346: TLR3-Ctersss-HA), as established and
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FIGURE 3. TLR3 transits through the Golgi before being cleaved in the endolysosomal compartments. (&) Immunofluorescence of NCI-H292 cells treated for
the indicated times with Poly(I:C) (10 p.g/ml) and then stained with EEA1 or Lampl, and TLR3.1 Abs, followed by DAPI nuclear staining (blue). Original
magnification X63. (B) Immunoblot analysis of NCI-H292 cells that were treated or not with Z-FA-fmk (20 uM) for 24 h. Lysates were left untreated (—) or were
treated (+) with PNGase (P) or EndoH (E) and then analyzed with TLR3.2 and anti-actin Abs. (€) Immunoblot analysis of HEK293-TLR3-HA cells that were
treated or not with Z-FA-fmk (20 pM) for 24 h. Lysates were left untreated (—) or were treated (+) with PNGase (P) or EndoH (E) and then analyzed with TLR3.2
and anti-actin Abs. (D) Immunoblot analysis of NCI-H292 cells that were treated for the indicated times with tunicamycin (1 pg/ml). Lysates were analyzed with
TLR3.2 and anti-actin Abs. (E) Immunoblot analysis of HEK293-TLR3-HA cells that were treated for the indicated times with tunicamycin (1 pg/ml). Lysates were
analyzed with TLR3.2 and anti-actin Abs. Values in (B)~(D) represent molecular mass (kDa). Data are representative of at least three independent experiments.

characterized by Garcia-Cattaneo et. al (22), or at the beginning
of LRR13 (aa 356: TLR3-Cterzss-HA) (Fig. SA). Immunoblots
confirmed that all three constructs were expressed at comparable
levels in HEK-293T-transfected cells (Fig. 5B), with TLR3-
Ins12-HA expressed as a single 130-kDa band, confirming that
the LRR12 insertion contains the cleavage site and that TLR3-
Ins12-HA is a noncleavable form of the receptor. As expected,
lysates from TLR3-Ctersss-HA~— or TLR3-Cterssq-HA-transfected

FIGURE 4. Endogenous cleaved TLR3 is suf- A
ficient to fully signal. (A) Immunoblot analysis of
NCI-H292 cells at the indicated times after non-
silencing (—) or TLR3 (+) siRNA transfections
(25 uM). Lysates were analyzed with TLR3.2 130
and anti-actin Abs. (B) ISRE reporter assay in

NCI-H292 cells at the indicated times after non- 1B:TLR3.2| 95
silencing (—) or TLR3 (+) siRNA transfections 72
(25 wM) and treatment without or with Poly(I:C)

(10 pg/ml) for 4 h. Data are representative (A) or

the mean (B) of three independent experiments.

Error bars represent SEM. *p < 0.05, untreated

cells versus Poly(I:C)-treated cells.

TLRS siRNA

Time after transfection _24h

cells contained a single form ~72 kDa, whose size is consistent
with the predicted length of each construct (Fig. 5B). We also
observed that treatment with Poly(1:C) did not modify the pro-
cessing of TLR3 and, particularly, did not induce the cleavage of
TLR3-Ins12-HA (Fig. 5B).

When expressed in HEK293 cells, the noncleavable form of the
receptor showed the capacity to activate ISRE- and NF-kB—de-
pendent transcription in response to 10 p.g/ml of Poly(I:C) (Fig. 5C)
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SIGNALING TLR3 AS A CLEAVED/ASSOCIATED RECEPTOR
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but with significantly reduced efficiency for NF-xB compared with
WT TLR3. In contrast, TLR3-Cterssc-HA was unable to activate
either pathway, and TLR3-Cters4s-HA triggered a weak NF-«B
response but no ISRE-dependent response. We next compared the
levels of ISRE-dependent transcription in response to increasing
concentrations of either LMW Poly(I:C) or Poly(A:U). The dose
responses showed that HEK293 cells transfected with WT TLR3
were also significantly more sensitive to LMW Poly(I:C) but not to
Poly(A:U) (Fig. 5D). Notably, both C-terminal fragments of the
receptor were completely unresponsive to all doses of these two
ligands (data not shown). Taken together, these results show that, in
agreement with previous reports, uncleaved TLR3 can generate
a response to dsRNA (30), whereas the isolated C-terminal frag-
ment triggers only a weak signal (26).

The N- and C-terminal fragments of TLR3 remain associated
after cleavage

Because cleaved TLR3 was able to signal in the total absence
of TLR3g. (Fig. 4A, 4B, Supplemental Fig. 4A, 4B), whereas
isolated TLR3 ¢ Was almost ineffective (Fig. SC), we wondered
whether the two fragments of TLR3 could remain associated after
proteolytic cleavage. Therefore, we compared the profiles of
TLR3 on Western blot performed with lysates prepared in non-
denaturing (protein lysate neither reduced nor heated) versus de-
naturing conditions (Fig. 6A-D, Supplemental Fig. 4C). In
nondenaturing conditions, we detected the 130 kDa band, whereas

o
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bands corresponding to the proteolytic fragments were barely
detectable in epithelial NCI-H292 cells (Fig. 6A, Supplemental
Fig. 4C), in mDCs (Fig. 6B), as well as in HEK293-TLR3-HA
cells (Fig. 6C, 6D). We ensured that nondenaturing conditions did
not prevent the migration of TLR3 fragments, because the con-
structs corresponding to the cleaved TLR3c ., fragment (Cterssq
and Cteraae) migrated at expected molecular mass (~72 kDa; Fig.
6D). In contrast, when the same lysates were analyzed in dena-
turing conditions, TLR3¢. ., and TLR3y_ ., became clearly visible
(Fig. 6A-D, Supplemental Fig. 4C), thereby revealing the pres-
ence of both uncleaved and cleaved/associated TLR3 in cells.
Similarly, when nondenatured lysates were immunoblotted after
running on a native gel, the same high molecular band was ob-
served, with HEK293 cells expressing either WT or noncleavable
TLR3 and with epithelial cells expressing endogenous TLR3
(Supplemental Fig. 4D). In contrast, the TLR3c . mutant mi-
grated on the same gel at a much lower molecular mass. Moreover,
nondenaturing conditions showed that Poly(I:C) treatment did not
dissociate TLR3c.; and TLR3y. ., (Fig. 6A~C, Supplemental Fig.
4C). To definitely confirm the association of the two cleaved
fragments, we performed immunoprecipitation with C-terminal—
specific TLR3.2 and N-terminal-specific TLR3.3 Abs and analyzed
the precipitates by immunoblot with the two Abs. In all cases,
TLR3n.er and TLR3 ¢, coimmunoprecipitated both in NCI-H292
cells (Fig. 6E) and HEK293-TLR3-HA cells (Fig. 6F). Lastly,
reprecipitation after denaturation of the immunoprecipitates ob-
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FIGURE 6. The N- and C-terminal fragments of endogenous TLR3 fragments remain associated after cleavage. (A) Immunoblot analysis of NCI-
H292 cells treated with Poly(I:C) (10 pg/ml) for the indicated times. Lysates were denatured (D) or not (ND) and then analyzed with TLR3.2 and anti-
actin Abs. (B) Immunoblot analysis of mDCs treated (+) or not (—) with Poly(I:C) (10 pg/ml) for the indicated times. Lysates were denatured (D) or
not {(ND) and then analyzed with TLR3.2 and anti-actin Abs. (€) Immunoblot analysis of HEK293-TLR3-HA cells treated (+) or not (—) with Poly(I:
C) (10 pg/ml) for 2 h. Lysates were denatured (D) or not (ND) and then analyzed with TLR3.2 and TLR3.3 Abs. (D) Immunoblot analysis of HEK293
cells transfected with TLR3-WT-HA (WT), TLR3-Ins12-HA (Ins12), TLR3-Cteryse-HA (Cterasg), or TLR3-Cterys-HA (Ctersse). Lysates were
denatured (D) or not (ND) and then analyzed with TLR3.2 and TLR3.3 Abs. (E) Immunoblot analysis of NCI-H292 cells. Lysates were immuno-
precipitated with IgG1, TLR3.2, or TLR3.3 Abs and analyzed with TLR3.2 and TLR3.3 Abs. (F) Immunoblot analysis of HEK293-TLR3-HA cells.
Lysates were immunoprecipitated with IgG1, anti-HA, TLR3.2, or TLR3.3 Abs and analyzed with TLR3.2 and TLR3.3 Abs. (G) Immunoblot analysis
of HEK293-TLR3-HA cells. Lysates were immunoprecipitated with anti-HA or TLR3.2 Abs and then precipitates were reimmunoprecipitated with
anti-HA or TLR3.2 Abs and analyzed with TLR3.2 and TLR3.3 Abs. Values represent molecular mass (kDa). Data are representative of at least three

independent experiments.

tained with a C-terminal-specific Ab (either TLR3.2 or anti-HA)
led to the loss of the N-terminal fragment of TLR3, confirming that
the association of the two fragments was through a noncovalent
bond (Fig. 6G). Taken together, our data show that the two frag-
ments of TLR3 remain associated after cleavage and that ligand
binding does not disrupt this association (Fig. 7). Therefore, the
cleaved/associated TLR3 represents the relevant endogenous TLR3
responsible for the majority of immunological functions.

Discussion

Remarkable progress has been made recently in our understanding
of the biology of nucleic acid—sensing TLR3, TLR7, and TLR9.
Notably, various data now suggest a model in which exogenous
nucleotides can be recognized with high sensitivity, whereas self-
nucleotide—induced signaling and autoimmunity are prevented (3).
Discrimination between nonself- and self-nucleotides appears to
be facilitated by several levels of regulation. Recently, cleavage of
TLR9 in endolysosomes was shown to be required for generating
the C-terminal fragment of the receptor that binds dsDNA with
high affinity and signals. Published data indicated that this
mechanism might also apply to TLR3 and TLR7 (9, 22). However,
our data allow us to propose an alternative model for TLR3 bi-

ology (Fig. 7), which reconciles two requisites: the need to restrict
dsRNA recognition in endolysosomes (and therefore to expose the
receptor to a proteolytic environment) to prevent autoreactivity, as
described for other endosomal TLRs, and the requirement of the
two ligand binding sites present on the ECD of TLR3—the first
near the N terminus and the second close to the transmembrane
region—to recognize dsRNA with high avidity. Several aspects of
the trafficking and processing of TLR3 diverge from what has
been described for other lysosomal TLRs (8, 10).

Building on previous observations, and supported by data that
were published after the submission of our manuscript (26), our
results allow improvement of our model of TLR3 biology. In
contrast to TLR9Y, which was reported to reside principally in the
ER in resting cells (32) and to reach the acidic compartments after
stimulation by double-stranded DNA (5-7, 33), TLR3 is contin-
uously exported to the Golgi and accumulates in the endolyso-
somal compartments where it undergoes a single cleavage by
cathepsins, most likely within the short (9 aa) LRR12 external
loop; however, the exact cleavage site remains unknown. In con-
trast, asparagine endopeptidase first cleaves the long (30 aa)
LRR14-15 flexible loop of TLRY that is secondarily trimmed by
cathepsins (8-10, 34, 35). Strong conservation of the LRR12 ex-
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FIGURE 7. Proposed model of TLR3 processing. (1) TLR3 is neo-
synthesized and N-glycosylated in the ER. (2) Then, it crosses the Golgi
apparatus where it is fully glycosylated to become EndoH resistant. TLR3
exits the Golgi to enter the endosome membrane (3) where it is cleaved by
cathepsins (4). The two proteolytic fragments remain associated to fully
signal (5).

ternal loop (residues 335-343) during mammals’ evolution (30)
suggests that cleavage is an important step in the biology of TLR3.
Remarkably, our data confirm that the two proteolytic fragments
of the ECD of TLR3 have prolonged half-lives (26) and demon-
strate that they remain associated, suggesting that the noncovalent
interactions between the adjacent LRRs known to stabilize the
ECD of TLRs (36) have been preserved. Furthermore, the absence
of detectable amounts of Golgi-modified TLR3g , in resting im-
mune and nonimmune cells (Figs. 1A, 1D-F, 3B, 3C) indicates
that cleaved/associated TLR3 is the almost exclusive form of the
receptor present in endolysosomes, where the encounter with
exogenous dsRNA is known to occur (37). The lack of appropriate
ligand prevented us from visualizing directly TLR3 bound
to dsRNA. However, the physical association of TRIF with
TLR3c.ter, but not TLR3g, after activation with Poly(I:C) in
NCI-H292 cells (38), combined with the absence of free TLR3 ¢,
in those cells, indicates that cleaved/associated TLR3 is the main
form of the receptor recognizing Poly(I:C). The single cleavage,
without further trimming, may explain why the two long-lived
fragments of TLR3 remain associated to bind dsRNA. In con-
trast, although it was proposed that some TLR9 fragments could
remain associated (8, 39), the C-terminal fragment of the receptor
is viewed as the major form of the functional receptor, binding
agonist CpG oligodesoxynucleotides with high affinity and being
able to efficiently recruit the adaptor protein MyD88 (8, 10).

SIGNALING TLR3 AS A CLEAVED/ASSOCIATED RECEPTOR

The streamlined transfer to endolysosomes, followed by rapid
cleavage, explains why endogenous TLR3 fragments were
abundant in resting cells of every type analyzed, whereas TLR3g.
was difficult to detect. In contrast, comparable amounts of
TLR3g. and TLR3 fragments were observed in HEK293 cells,
suggesting an imbalance between the high expression of exoge-
nous TLR3 and the availability of the chaperone protein Unc93bl
in those cells (26). Indeed, exogenous TLR3 was abundant in the
ER, whereas endogenous TLR3 was found mostly in the endo-
lysosomes. Moreover, the half-lives of the fragments from
transfected TLR3 were shorter compared with endogenous TLR3
(compare Fig. 2B with Fig. 2A). These differences should be kept
in mind when studying the biology of endosomal TLRs in
HEK293 cells.

TLR3 cleavage could increase or decrease the sensitivity of the
receptor and/or modify its specificity for different ligands. Our
functional studies reveal that, in TLR3-transfected HEK293 cells,
the cleavage increased the sensitivity to HMW and LMW Poly(1:C).
The increased sensitivity of cleaved/associated TLR3 remains
perplexing. Thus, cleavage could somehow increase the affinity of
the ECD for its ligands or ease the conformational change that may
occur in the presence of dsRNA (39) and that may facilitate the
recruitment of TRIF. In agreement with Qi et al. (26), we observed
that TLR3 ., by itself was consistently unable to trigger a strong
response to dsRNA. A difference in timing (6 versus 18 h) might
explain, in part, the variance between those results and recently
published data that showed an equal response to Poly(I:C) with
either TLR3-WT or TLR3¢ s (22). Whatsoever the residual ac-
tivity of TLR3¢ ., its physiological importance is uncertain, be-
cause cleaved/associated TLR3 appears to be the predominant
form of the endogenous receptor present in the endolysosomes
where recognition of dsRNA takes place.

The central role of cleaved/associated TLR3 highlights the
importance for dSRNA binding affinity and sensitive signaling of
two distinct ligand-binding sites, each present on one proteolytic
fragment. Moreover, the increased sensitivity to Poly(I:C) and the
remarkable stability of this form of the receptor allows the rec-
onciliation of some apparently discordant results from the litera-
ture. Indeed, one group reported the absence of inhibition of TNF
production by RAW macrophages treated for 12 h with cathepsin
inhibitors and then for 2 h with 100 pg/ml of Poly(1:C) (8),
whereas another group showed a strong suppression of TNF
production by the same cells in response to 1 pg/ml of Poly(I:C)
(9). These different outcomes may be due to differences in the
concentration of ligand used, with high concentrations of dsRNA
being able to activate the less efficient TLR3g in these cells. In
addition, our data show that 12 h of Z-FA-fmk pretreatment is
not sufficient to suppress the expression of TLR3 fragments in
NSCLC cells, suggesting that the lack of inhibition by Z-FA-fmk
of cells activated with moderate concentrations of Poly(I1:C) could
have resulted from the persistence of some cleaved/associated
TLR3 at the time of stimulation.

In conclusion, TLR3 provides the first example, to our knowl-
edge, of endosomal receptor maturation by cleavage followed by
conversion into a functional cleaved/associated form of the protein.
Considering that cleavage of WT-TLR3 is necessary for signaling,
cleaved/associated TLR3 is the principal (and possibly exclusive)
signaling receptor, and noncleavable TLR3 is able to signal, an
intriguing conclusion of the present work is that the licensing
consequence of TLR3 cleavage for signaling is not the separation
of the two fragments. Further studies are required to fully evaluate
the structural and functional consequences of TLR3 processing in vitro
and in vivo, as well as to determine to what extent some aspects
of TLR3 biology might apply to the other endolysosomal TLRs.
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TLR3/TICAM-1 signaling in tumor cell
RIP3-dependent necroptosis
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The engagement of Toll-like receptor 3 (TLR3) leads to the
oligomerization of the adaptor TICAM-1 (TRIF), which can
induces either of three acute cellular responses, namely,
cell survival coupled to Type | interferon production, or cell
death, via apoptosis or necrosis. The specific response elicited
by TLR3 determines the fate of affected cells, although the
switching mechanism between the two cell death pathways

. in TLR3=stimulated cells remains molecularly unknown. Tumor
necrosis factor a (TNFo)-mediated cell death can proceed via
apoptosis or via a non-apoptotic pathway, termed necroptosis
or programmed necrosis, which have been described in
detail. Interestingly, death domain-containing kinases called
receptor-interacting protein kinases (RIPs) are involved in the
signaling pathways leading to these two cell death pathways.
Formation of the RIP1/RIP3 complex (called necrosome) in
the absence of caspase 8 activity is crucial for the induction
of necroptosis in response to TNFa signaling. On the other
hand, RIPT is known to interact with the C-terminal domain
of TICAM-1 and to modulate TLR3 signaling. In macrophages
and perhaps tumor cell lines, RIP1/RIP3-mediated necroptotic
cell death can ensue the administration of the TLR agonist
polyl:C. If this involved the TLR3/TICAM-1 pathway, the innate
sensing of viral dsRNA would be linked to cytopathic effects
and to persistent inflammation, in turn favoring the release
of damage-associated molecular patterns. (DAMPs). in the
microenvironment. Here, we review accumulating evidence
pointing to the involvement of the TLR3/TICAM-1 axis in tumor
cell necroptosis and the subsequent release of DAMPs.

Introduction

Cell death is an important process for both development and
homeostasis in multicellular organisms. The mode of cell death
is closely associated with other biological responses occurring
within the host, including inflammarion. Cell death has been
categorized as apoptotic or necrotic and, until recently, apoptosis
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had been considered as a synonym of programmed cell death.!
Caspases are a family of cysteine proteases that mediate apop-
totic cell death in response to ligands of death receptors, includ-
ing tumor necrosis factor o (TNFa), FAS ligand (FASL) and
TRAIL, as well as to intracellular damage, upon the induction of
pro-apoptotic BH3-only members of the Bcl-2 family. However,
it is now clear that apoptosis is not the only cellular mechanism
that mediates programmed cell death. Necrotic cell death, which
has traditionally been viewed as a form of passive cell death, may
also be regulated, and in this case has been called necroprosis or
programmed necrosis.” Necroptosis may be induced by TNF«
receptor 1 (TNFR1) agonists, but also by innate pattern-recog-
nition receptors (PRRs) such as Toll-like receptor (TLR) 3 and
TL.R4."* These two TLRs can recruit the adapror TICAM-1 (also
known as TRIF), leading to Type I interferon (IEN) signaling.’
In line with this notion, the TLR3 ligand polyl:C (a synthetic
double-stranded RNA, dsRNA) can activate either apoptosis or
necrosis, depending on the cell lines tested. Cell death induced
by the TLR3-TICAM-1 axis may therefore be executed through
two distinct subroutines.” The mechanisms that dictate the cel-
lular decision to undergo apoptosis or necroptosis in response
to TLR3 signaling, as well as the mechanisms that mediate the
execution of necroptosis, are the subject of intense investigation.
Toll-like receptors and other PRRs harbor the ability to spe-
cifically recognize microbal molecules, known as pathogen-associ-
ated molecular patterns (PAMPs).¢ PAMPs trigger the maturation
of myeloid dendritic cells (nDCs) through the activation of TLR
and/or other pathways, eventually eliciting cellufar immunity.” In
mDCs, nucleic acid-recognizing TLRs (i.c., TLR3, TLR7, TLR8
and TLRY) reside in endosomes and sense their ligands only when
they are internalized.® The uptake of DNA or RNA of micro-
bial origin therefore allows cross-presentation to T cells and the
exposure of natural killer (NK) cell-activating ligands. Besides
this extrinsic maturation route, it is known that the formation
of autophagosomes may deliver cytoplasmic nucleic acids of viral
origin to the endosome via autophagy.” In either route, TLR sig-
naling links immunological events to pathological cell death.
Recently accumulated evidence suggests that TLRs serve
as receptors not only for foreign PAMPs but also for cellular
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Table 1. Host response to nucleic acids and other DAMPs

PAMP/DAMP Receptors
Microbial nucleic acids(PAMP)
cytosolic long dsRNA MDAS
cytosolic 5'-PPP-RNA RIG-
endosomal >140bp dsRNA TLR3
“nonmethylated CpG DNA TLR9

cytosolic dsDNA DNA sensors®

Self molecular patterns(DAMP)

HMGB1 RAGE, TLR2/4
Uric acid (D14, TLR2/4
HSPs CD14, TLR2/4,**
5100 proteins RAGE
Self nucleic acids {DAMP)
Self DNA DNA sensors®
Self mRNA TLR3

*See Table 2; ** D40, CD91, Scavenger receptors etc.

constituents that are liberated from damaged or necrotic cells.!®
Thus, innate pattern-recognition is not only a mechanism for
discriminating pathogens from the host, but also a means for
inspecting cellular homeostasis. Molecules that, upon release
from damaged/necrotic cells, activate the immune system are
called damage-associated molecular patterns (DAMPs)."! The
most popular TLR adaptor MYD88 is known to contain death
domains, and some reports have suggested that TLR signaling
may be involved in cell death secondary to PAMP/DAMP-
stimulation. Necroptotic or damaged cells may thus represent a
result of TLR death signaling, and generate a functional com-
plex consisting of sources of DAMPs as well as of the phago-
cytic response. b

DAMPs refer to intracellular molecules that acquire inflam-
mation-inducing capacities when released from cells. DAMPs do
not belong to the cytokine family but rather resemble PAMP in
their functional properties, in particular with regard to mDC
and macrophages. The functions of DAMPs may be associ-
ated with responses including regeneration and tumorigenesis.
During the past 5 y, necroptotic cell death has been closely con-
nected with innate immune responses involving pattern-sens-
ing.*#' DAMPs include a large number of cytosolic or nuclear
molecules (Table 1), as well as, surprisingly, self nucleic acids.*
This implies that, like viral DNA and RNA, autologous nucleic
acids can evoke inflammation. Here, we discuss the importance
of the immune modulation induced by nucleic acids and necrop-
totic host cells.

Necroptosis: Programmed Necrosis Induced by
TNF«

TNFa has been reported to induce two different types of cell
death, apoptosis and necrosis, in a cell type-specific manner."*
Through TNFR1, TNFa is implicated in NFkB activation and
contributes to cell growth in many cancer cell lines. In paral-
lel TNFa-induced hemorrhagic necrosis has been observed in

2 Oncolmmunology

Table 2. RNA-DNA recognition molecules in vertebrates

Receptors Adaptors Ligands lnductﬁ;\’:‘) fType
TLR family
TLR3 TICAM-1 dsRNA, stem RNA +
TLR7/8 MyD88 sSRNA
TLR22 TICAM-1 dsRNA +
PKR ? dsRNA -
RLR family
RIG-1 MAVS 5'-PPP RNA, dsRNA
MDAS5 MAVS dsRNA (long) +
NLR family
NALP3 ASC dsRNA +
NOD2 MAVS 5SRNA
DDX family
DDX1 TICAM-1 dsRNA
DDX21 TICAM-1 dsRNA
DHX36 TICAM-1 dsRNA +
DNA sensors
TLR9 MyD88 CpG DNA +
DAI TBK1 dsDNA +
Pol3/RIG-1 MAVS dsDNA +
IFi16 TBK1 dsDNA +
DDX41 STING dsDNA +
DHX9 MyD88 dsDNA +
DDX36 MyD88 dsDNA +
ZAPS ? dsDNA +

several cancer cell lines, but the molecular mechanisms under-
lying these differential responses to TNFa remain poorly
understood. Recently, several reports have suggested that the
formation of a supracomplex containing the receptot-interacting
protein kinase 1 (RIP1) and its homolog RIP3 (which has been
named “necrosome”) is responsible for the switch from apopto-
sis to necroptosis.'”!® RIP1 and RIP3 can assemble only in the
absence of functional caspase-8, indicating that this enzyme
acts as a key protease for blocking the formation of the necro-
some.>"" Many viral factors, as well as the genomic instability
that frequently characterizes tumor cells, can compromise cas-
pase-8 function, thereby facilitating the induction of necropto-
sis. Hence, TNFa can promote cell death by signaling through
its receptors, including TNRF1 and downstream via RIP1/
RIP3, although the output of TNFa signaling is ultimately
determined by cell type.

Virus-mediated Necroptosis

[t is notable that a necrotic phenotype has been observed in
polyl:C-stimulated bone marrow-derived murine macrophages
and other cell lines.”” TICAM-1 and RIP3 are involved in this
process, suggesting the implication of the necrosome pathway in
dsRNA-mediated cell death.'*"? It has been reported thar viral
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Figure 1. TLR3 signals inducing cell death or effector functions in myeloid cells. Cell survival (left panel) and cell death (right panel) signals are sche-
matically depicted. TICAM-1 assembles in a supramolecular complex around oligomerized Toll-like receptor 3 (TLR3) in the endosome. The complex
(named Speckle) then dissociates from TLR3, tranlocating to the cytoplasm. IRF-3 and NF«B are activated by Speckle, leading to their nuclear trans-
location and induction of Type | interferon (IFN) and inflammatory cytokines, respectively. In dendritic cells (DCs), natural killer (NK) cell-activating
ligands and factors for cross-presentation are induced downstream of IRF-3/7 (left panel). In contrast, cell death signaling culminates in apoptosis and/
or hecrosis depending on downstream signal transducers {right panel). TLR3-dependent apoptosis has been reported in several cancer cell lines.Y
while TLR3-dependent necroptosis has been observed in mouse bone marrow-derived macrophages.” These events rely on RIP1/RIP3 activation,
similar to those elicited upon ligation of the tumor necrosis factor o receptor 1 (TNFR1), Whether or not the translocation of the TICAM-1 complex is
required for the cell death signaling, as well as the mechanisms determining either cytokine secretion or cell death, remain unknown.

dsRNA frequently induces apoptosis in infected cells, a process
that in general is known as cytopathic effect.® TICAM-1 and
RIPs, mainly RIP1, may also be involved in virus-derived necrotic
cell death>*® This is relatively rare compared with apoprosis
since it occurs only when the viral genome encodes caspase-8
inhibitors.”” Furthermore, this process requires viral dsRNA to
be delivered from the cytosol to the endosomes (where TLR3
is situated) of infected cells. This may happen if the dsRNA is
engulfed by autophagosomes, which ensure its transfer to endo-
somes. The possible involvement of another PRR that sense viral
RNA, RIG-I/MDAS, in cell death as induced by viral infection
cannot be always ruled out. TNFa can be produced downstream
of the TLR3- and RIG-I-mediated RNA-sensing pathways and
may induce necrotic cell death. Many RNA viruses trigger cell
death,? but the factors determining the induction of necroptosis
in virus-infected cells remain to be clarified.

DNA viruses can induce necroptosis via another mechanism,
which involves the DNA-dependent activator of IFN-regulatory
factors (DAL also known as DLM-1/ZBP1).** DAI is a DNA
sensor*? and directly activates RIP3 in the absence of Type I IFN
induction.” This said, the sensing of DNA in the cytoplasm of
virus-infected cells is complex, and it may be that DAI is not

www.landesbioscience.com

the only molecule linked to such a necroptotic response. It is
unknown whether RIP3-mediated necroptosis can be induced
even if caspase-8 is blocked upon the recognition of viral DNA
by DAI or via other mechanisms.™ In fact, this type of virus-
derived necrosis has been reported with DNA viruses that encode
caspase inhibitors including vaccinia virus (VV), which encodes
B13R/Spi2, poxvirus, encoding CrmA, the Kaposi’s sarcoma-
associated herpesvirus (KSHV), encoding K13 and the mol-
luscum contagiosum virus (MCV), which encodes MC159.20%
Generally speaking, the mode of cell death secondary to virus
infection differ as a function of viral species. The physiological
role of TLR3- and DAI-mediated necroptosis should therefore be
analyzed in a virus -specific fashion.

Necroptosis in Inflammation

Apoptosis plays a major role in physiological contexts, while
necrosis is very common under pathological conditions.!
Necroptosis differs from accidental necrosis in its programmed
nature, and differs from apoptosis in that necroptosis often stimu-
lates inflammation. When virus-infected cells undergo apoptosis,
they are removed by phagocytosis. Viral genomes, be they either
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Figure 2. Necroptosis induced by the DAl pathway. Cell survival (left panel) and cell death {right
panel) signals transmitted by the DNA-dependent activator of IFN-regulatory factors (DA} are sche-
matically depicted. Pro-survival signaling involves the activation of IRF-3 and NFxB to support antiviral
responses (left panel). Type 1 IFNs and inflammatory cytokines are the main effectors induced by IRF-3/
NFwB activation, In contrast, DAl activates RIP3 to induce necroptosis during viral infection, provided
that caspases are inhibited. When viruses express caspase inhibitors, the RIP1/RIP3 necrosome plays

a dominant role in the activation of cell death via necroptosis (right panel). If caspase-8 is active, RIP3
should get inactivated and apoptosis should be the dominant phenotype, though this scheme has
not yet been experimentally confirmed. The mechanisms determining the choice between these two

ylated CpG DNA of bacterial origin.
Moreover, the role of RNA sensors in
the tumor microenvironment has not
yet been clarified (Table 2).

DAMPs have recently been charac-
terized at the molecular level and rep-
resentative DAMDPs (Table 1) include
HMGB1,® uric acid crystal,’® S100
proteins,” naked actin®®® and heat-

DNA- or RNA-based, are degraded in infected cells, thus being
able neither to stimulate phagocytes including macrophages and
DCs, nor to favor the liberation of DAMPs. In conrtrast, non-
apoptotic cell death is accompanied by the release of DAMPs
and viral products, resulting in the activation of macrophages,'’
as it occurs during chronic infection, in which viruses produce
caspase inhibitors or render infected cells resistant to apoptosis.”
A typical model of necroptosis evokes two effectors, namely, viral
nucleic acids and DAMPs, to modulate immune and bystander
cells of the host. In the context of necroptosis, these effectors
allow for the amplification of inflammartory responses by myeloid
phagocytes (mDCs and macrophages). These cells accumulate
in inflammation as induced by persistent viral infection, and
mediate the secondary release of cytokines and other biologically
active molecules. In addition, viral factors can result in incipient
inflammation, as observed in chronic infections by the hepati-
tis B or C virus.** This, in conjunction with viral nucleic acids
and DAMPs, may modify the features of the infectious milieu.
Further studies are needed to clarify the importance of viral
nucleic acids and DAMPs in the context of virus-dependent
chronic inflammation, as it may facilitate tumor progression.

Oncoimmunology

shock proteins (HSPs).* The func-
tional features of DAMPs and the mechanisms whereby they
provoke inflammation have been delineated,'*** and these stud-
ies have introduced the concept of “inflammasome” in the field of
innate immunity.** Caspase-1 is activated upon the administra-
tion of NOD-like receptor (NLR) ligands, which include some
DAMPs as well as inorganic PAMPs. Active caspase-1, together
with the upregulation of the immature variants of IL-1 family
proteins that ensues TLR sumulation, accelerates the robust
release of IL-1B, 1L-18 and 1L-33.%* There are many kinds of
NLRs as well as TLRs, and the common pathways (including
those centered around the adapror ASC) can be activated by a
variety of cytoplasmic DAMPs and PAMPs.*>* The cytoplasmic
immature forms of the abovementioned cytokines are activated
by limited caspase-1-mediated proteolysis, and then are secreted
into the extracellular microenvironment.*® Hence, IL-1 family
proteins require two DAMPs/PAMP signals for their upregu-
lation and activation.” Of note, the rumorigenic properties of
asbestos and silica are in part attributable to the activation of the
inflammasome, leading to the secreton of IL-1 family proteins.
However, not all DAMPs operate as inflammasome activators,
even in the broad sense of this term.
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Figure 3. Inflammation provides the microenvironment for infection-related cancer. Immune cells infiltrating the tumor mass may modulate the local
. microenvironment upon the recognition of pathogen- or damage-associated molecular patterns (PAMP/DAMPs). Cancer cells undergoing necrosis liber-
- ate DAMPs and debris containing nucleic acids, which recruit immune cells stimulating an inflammatory response. In some cases, tumors benefit from :
. the inflammatory response, while in other cases they regress following inflammation. The mechanisms determining this switch remain to be clarified.

immune Response Elicited by the Phagocyiosis of
Dead Celis

Phagocytosis of dead cells involves not only cell clearance but also
the initiation of an immune response. Dead cell antigens are rap-
idly presented on MHC Class II molecules after internalization
by DCs, driving the recruitment and activation of various CD4"
T cell subsets, including Th1, Th2, Th17 and regulatory T cells
(Tregs) (Fig. 1). In the presence of a second co-stimulatory signal
provided by TLRs, working as an adjuvant, DCs cross-present
antigens on MHC Class I molecules to induce the proliferation
of CD8* cytotoxic T lymphocytes (CTLs).” The presentation of
exogenous antigens by DCs is therefore dependent on the pres-
ence of PAMPs/DAMPs.*® Accordingly, necrotic debris appears to
result in CTL cross-priming more efficiently than apoptotic bod-
ies. Cross-presentation is enhanced by molecules such as Type 1
IFN and CD40, and by immune cells including CD4* T, NK and
NKT cells. Hence, the use of adjuvants to affect many cell types
of the immune system other than antigen-presenting cells, and a
precise evaluation of the total cross-priming activity appear to be
indispensable for the development of efficient adjuvant therapies.
The TLR3/TICAM-1 axis is best known as an inducer of
cross-presentation in vivo.¥” The cross-presentation activity of
the TLR3 ligands polyl:C and viral dsRNA was first described
by Schulz et al. in 2005.%® While the potency of polyl:C as an
adjuvant has been reported by Steinman and colleagues,”* the
precise identity of the DAMPs participating in cross-presentation
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and possessing latent cross-priming (CTL-inducing) capacities
has not yet been determined.

It is known that phagocytosis induces functional changes in
mDCs and macrophages (Fig. 2): phagocytes are skewed toward
a regularory phenotype accompanied by the production of 1L-10
and TGFR during the phagocytosis of apoptotic cell debris, even
in the presence of PAMP.“*! This suggests that material that can-
not be taken up exerts different effects on mDCs than internal-
izable material during their phagocytic interactions. Phagocytes
undergo cytoskeletal rearrangement when they take up cell debris,
involving cell adhesion molecules that accelerate the interaction
between the phagocyte membrane and cell debris. The opso-
nization of dead cells further enhances phagocytosis as well as
the induction of an immune outcome.”” Complement-mediated
opsonization of dead cells strongly alters the functional proper-
ties of mDCs and macrophages.® Yet, it has been impossible to
discriminate apoptortic and necroptotic cells based on this.* Thus,
the mechanisms whereby necroptotic cells initiate an immune
response upon phagocytosis by mDCs and macrophages, com-
pared with apoprotic cells, remain largely uncharacterized.
Elucidating the role of necroptotic cells and DAMPs as adjuvants
for NK-cell activation and antigen presentation is highly relevant
for antitumor therapy. Since the phagocytosis of dead cells by
mDCs usually leads to the generation of tolerogenic mDCs, addi-
tional adjuvants appear to be required for mDCs to present tumor
antigens in an immunogenic fashion, leading to the induction of
an effective immune response against cancer.
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Termination of Inflammation

Inflammation often drives tissue repair and regeneration, and
the microenvironment formed during inflammation serves a
basis for assembling cells that initiate tissue development and
reorganization (Fig. 3). The pro-inflammatory microenviron-
ment facilitates cell growth as well as genome instability, thus
being prone to the accumulation of cells with multiple mutations.
Furthermore, incipient inflammation compromises the immune
system so that the abnormal proliferation of transformed cells is
tolerated. Thus, malignant cells build up a tissue that involves
tumor-associated macrophages serving a scaffold for invasion and
metastasis.” [n this context, a region harboring DAMP-mediated
persistent inflammation provides a perfect nest for tumor pro-
gression (Fig. 3). Therapeutics for suppressing inflammation,
such as aspirin, may constitute an immune therapy irrespective of
the presence of infection.** We surmise that two types of inflam-
mation exist, namely tumor-supporting and tumor-suppressing,
implying that inflammation is a complex phenomenon consisting
of multiple distinct aspects. We have shown that some adjuvants
can induce tumor-suppressing inflammation, thereby limiting

tumor proliferation by DAMPs.¥” The adjuvant-induced switch
of cell death/inflammation signals to an antitumor outcome is an
intriguing approach for cancer therapy, particularly in view of the
fact that the mechanisms of adjuvant signaling are being increas-
ingly characterized at the molecular level.®# The clarification of
the role of adjuvant signaling in compromising tumor progression
will lead to the discovery of non-toxic synthetic tumor-regressing
molecules with potential as novel anticancer therapeurics.’®
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Antitumor effect of Polyl:C (a viral dsRNA analog) has been attributed to dendritic cell (DC)-maturation activity, that
drives antitumor NK cells, DC cross-presentation, cytotoxic T lymphocytes and many IFN-inducible genes. According to a
recent paper, tumor-infiltrating M2 macrophages are found to become an additional antitumor effector through polyl:C

response.

Interferon (IFN), now categorized as
type I, was discovered by Isaacs and
Lindeman in 1957. Soon after their dis-
covery, it was expected to be a fascinating
medicine opposing to virus infection and
cancer development. Type I IFN induc-
ing activity was assigned to the signature
of double-stranded RNA generated from
viruses, and its synthetic analog, polyl:C,
was confirmed to serve as an effective
inducer of type I IFN. Talmadge et al
showed that polyl:C mixed with polyL
Lysine and methylcellulose (polyl:CLC)
effected dramatic regression of syngenic
implant tumors in mice. They suggested
this reagent might be applied to antitumor
therapy. In line with these reports, there
have been many reports indicating thar
SponNtaneous tumor regression sometimes
occurrs in cancer patients when they are
exposed to viruses or viral vectors.
Polyl:C induces type I IFN and
inflammatory cytokines. In addition, it
may contribute to raising cellular immu-
nity. According to recent progress in
pattern recognition of innate immunity,
polyl:C is a ligand for multiple recep-
tors, including PKR, RIG-I, MDA5 and
TLR3.> Virus replication usually ampli-
fies dsRNA production inside the cyto-
plasm of affected cells and stimulates the
cytoplasmic RNA sensors. In contrast,
TLR3 is activated when dsRNA gener-
ated in infected cells is released and inter-
nalized into the endosome of bystander

phagocytes,” such as dendritic cells (DC)
and macrophages. dsRNA is delivered
through a unique pathway involving
Raftin,’ then the endosomal TLR3 passes
the signal to the adapror TICAM-1.7 The
multiple functionality of polyl:C may
reflect its divergent recepror usage, and
knockout mouse (KO) studies have there-
fore been indispensable for determination
of the role of each recepror in antitumor
immunity.

In mouse models, growth retardation
of syngenic implanted tumor has been
reportedly observed by administration
of polyl:C, which is now attriburable to
liberated type I IFN and maturation of
DC, that drives NK and killer T cells.**
The mechanisms whereby these effec-
tor cells are introduced by dsRNA are
being elucidated on a molecular level: the
TLR3/TICAM-1 pathway for dsRNA
recognition in DC is involved in effec-
tor driving. In a recent paper, Shime et
al. additionally identified the third ant-
tumor effector induced by ip polyl:C
administration.® Polyl:C acted on tumor-
infiltrating macrophages and induced
tumor growth retardation in some tumor
species. Administration of polyl:C rapidly
(< 12 h) led to tumor hemorrhagic necrosis
followed by rumor regression. The results
appear to resemble an earlier report by
Old’s group on the TNFa-mediated fibro-
sarcoma regression.” In fact, TNFa par-
ticipated in hemorrhagic necrosis in this
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case also. Shime et al. applied KO mice
models for analyzing the signaling path-
way by which the polyl:C-derived tumor
regression occurs. Ultimately, their con-
clusion was that tumor-infiltrating mac-
rophages (Mf) characterized by CD11b*/
F4/80'/Gr-1"" markers with sustaining
tumor-supporting phenotype, M2, serves
as a target for polyl:C and changes their
properties to anticumor, M1-like, behav-
ing like a tumoricidal effector. In these
M{, TLR3/TICAM-1 pathway, butr nor
the IPS-1 pathway, is also mandatory for
TNFa production and tumor regression.
Indeed, the marker profile of the Mf was
similar to those reported as M2 Mf or
rumor-associated Mf (TAM). It is notable
that they have high expression levels of
TLR3. Hence, the polyl:C tumor growth
retardation is mechanically multfarious
and involves TNFa hemorrhagic necrosis.

TLR3 is highly expressed in CD8*
splenic DC and CDI103" non-lymphoid
DC in mice,® and they are strong induc-
ers for cross-priming of CD8 T cells,’®
namely cytotoxic T lymphocytes (CTL).
TLR3-positive  bone  marrow-derived
DC also reportedly induce type I IFN
and potent antitumor NK cell activity.?
Thus, polyl:C functions through TLR3*
myeloid cells to facilitates antitumor cellu-
lar immunity encompassing at least three
distinct routes, NK cell activation, CTL
proliferation and conversion of TAM to
an tumoricidal effector (Fig. 1). Hence,
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Figure 1. Polyl:C induces three antitumor effectors via different routes. Antitumor activity of polyl:C against tumor cells are assessed in mouse tumor-
. implant models. A unique point in this review is the third pathway where tumor-infiltrating myeloid cells are involved, effectively damages Lewis Lung
| carcinoma cells. This tumoricidal activity is mediated by the TICAM-1 pathway in the myeloid cells, and attributed to TNFe. Although polyt:C s i.p.

- administered, it acts on tumor-infiltrating Mf and converts them to antitumor effectors.

the Janeway/Medzhitov concept’ may be
adaptable to tumor immunology that pat-
tern recognition receptor (PRR) stimula-
tion by a specific ligand triggers innate
immune response and facilitates establish-
ment of the cellular immune system.

A rtantalizing reagent for successful
peptide vaccine therapy against cancer
using tumor-associated antigens (TAA)
with CD4/CD8 epitopes is adjuvant.
Nevertheless, polyl:C therapeutic use has
been very restricted in patients. This is
because polyl:C has severe side effects,
enterocolitis, arthralgia, fever, erythema
and sometimes life-threatening hypo-
tonic shock, which have prevented the
clinical use of this dsRNA analog.
However, a recent study reported that
polyl:CLC is applicable to humans,
although robust erythema and cyto-
kine upregulation in serum are usually
accompanied as side effects with expected
therapeutic potential® Dr. Steinman,
having won the Nobel prize, proposed a
polyl:C/TAA therapy for cancer patients
if the TAA is identified in each case of
the patients. Shime’s data confirmed this

issue and further clarified the importance
of the TICAM-1 pathway in triggering
induction of antitumor Mf in addtion
to NK cells and CTL.® These sequential
studies, together with the direct apoprotic
effect of polyl:C on tumor cells, rein-
force the need to establish a safer RNA
derivative for human immunotherapy in
the future.
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RIG-I-like receptors, including RIG-I, MDAS5 and
LGP2, recognize cytoplasmic viral RNA. The RIG-I
protein consists of N-terminal CARDs, central RNA
helicase and C-terminal domains. RIG-I activation is
regulated by ubiquitination. Three ubiquitin ligases
target the RIG-I protein. TRIM25 and Riplet ubiquitin
ligases are positive regulators of RIG-T and deliver the
K63-linked polyubiquitin moiety to RIG-I CARDs and
the C-terminal demain. RNF125, another ubiquitin
ligase, is a negative regulator of RIG-I and mediates
K48-linked polyubiquitination of RIG-I, leading to the
degradation of the RIG-I protein by proteasomes. The
K63-linked polyubiquitin chains of RIG-I are removed
by a deubiquitin enzyme, CYLD. Thus, CYLD is a
negative regulator of RIG-I. Furthermore, TRIM25
itself is regulated by ubiquitination. HOIP and HOIL
proteins are ubiquitin ligases and are also known as
linear ubiquitin assembly complexes (LUBACSs). The
TRIM2S5 protein is ubiquitinated by LUBAC and
then degraded by proteasomes. The splice variant of
RIG-T encodes a protein that lacks the first CARD of
RIG-I, and the variant RIG-I protein is not ubiquiti-
nated by TRIM25. Therefore, ubiquitin is the key regu-
lator of the cytoplasmic viral RNA sensor RIG-1.

Keywords: RIG-1/type 1 interferon/ubiquitin/virus.

Abbreviations: CARD, caspase activation and
recruitment domain; CTD, C-terminal domain;
dsRINA, double-stranded RNA; RLR, RIG-I-like
receptor; pDC, plasmacytoid dendritic cell; ¢cDC,
conventional dendritic cell; MEF, mouse embryonic
fibroblast cell; BM, bone-marrow; Mf, macrophage;
IFN, interferon; ISG, interferon-stimulated gene:
TRIM, tripartite motif; RNF, RING finger.

Recognition of viral RNA

Type I interferons (IFNs) are inflammatory cytokines
that possess strong anti-viral activity. During viral in-
fection, type I IFNs are produced from dendritic cells
(DC), macrophages (Mf) and fibroblast cells (Fig. 1A).
Viral RNA is mainly recognized by Toll-like receptors
(TLRs) and RIG-I-like receptors (RLRs). TLRs are

type I transmembrane proteins. TLR3, 7 and 8§,
which are members of the TLR family, are localized
to endosomes, and are responsible for the recognition
of viral RNA (/). RLRs are DExD/H box RNA heli-
cases and recognize viral RNA in the cytoplasmic
region (Fig. IB). There are three members of the
RLR family: RIG-I, MDAS5 and LGP2. RIG-I has
the ability to recognize various types of viruses, and
MDAS mainly recognizes picornaviruses (2). LGP2
promotes RIG-I and MDAS-mediated signalling (3).

A cytoplasmic sensor for the detection
of viral RNA

RIG-I, a cytoplasmic sensor for viral RNA, is induced
by viral infection, polyIC and type I IFN stimulation
(4). This protein is composed of two N-terminal cas-
pase recruitment domains (CARDs), a central DExD/H
box helicase/ATPase domain and a C-terminal regula-
tory domain (CTD) (Fig. 2). N-terminal CARDs are
responsible for the binding to the adaptor molecule
IPS-1/MAVS/VISA/Cardif, which is located on the
outer membrane of the mitochondria (5—8). In the ab-
sence of viral RNA, RIG-1 CTD represses the inter-
action between RIG-1 CARDs and IPS-1 CARD (9).
RIG-T1 CTD recognizes the 5 triphosphate of short
double-stranded RNA, leading to multimerization of
RIG-I and IPS-1 (/0—13). IPS-1 triggers signaling to
induce type 1 IFN and other inflammatory cytokines
through STING (also called MITA) protein, which is
localized to the endoplasmic reticulum or the mito-
chondria (14—17). STING then activates transcription
factors, such as IRF-3, IRF-7 and NF-xB (/5. /8).
Knockout of RIG-I abrogates the production of
type I IFNs and inflammatory cytokines from mouse
embryonic fibroblasts (MEFs), conventional DC and
Mfs in response to viral infections, including infections
caused by vesicular stomatitis virus (VSV), Sendai
virus (SeV), influenza A virus, Newcastle disease virus,
hepatitis C virus and Japanese encephalitis virus (2, 79).
However, RIG-I is not necessary for the production of
type I IFNs by plasmacytoid dendritic cells (pDCs),
which are strong inducers of type I IFNs in vivo (19).
In pDCs, TLR7 is responsible for the detection of viral
RNA (20). In addition, knockout of TPS-1 and STING
inhibits the production of type I IFNs from MEFs,
Mfs and ¢DCs, but not from pDCs (/5—/8). Once
type I IFNs are produced from these cells, IFN pro-
duction is secondly amplified via the IFNAR (2/). The
deficiency of the RIG-I-dependent pathway causes a
reduction in early type T IFN production in vive but
shows only a marginal effect on late type T IFN pro-
duction (/5—/8). Knockout of RIG-I increases the
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