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FIGURE 2. Cleavage by cathepsins generates two TLR3 stable fragments. (A) 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 uM) renewed every 24 h. Lysates were analyzed with TLR3.2 and TLR3.3 Abs. (C) Immunoblot
analysis of NCI-H292 cells treated for the indicated times with Z-FA-fmk (20 wM). 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 wM). 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 p.g/ml) 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-«B reporter assay in U937 cells that
were pretreated for the indicated times with Z-FA-fmk (20 puM), renewed every 24 h, and then treated with Poly(I: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/mi).
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 pg/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 LRR12 (residues 335-342) (28-31),
To definitely establish the functionality of uncleaved versus cleaved ~ Was 2 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.qe; represented the C-terminal fragment starting just at the end of the
and TLR3g. (50 and 95 kDa, respectively; Fig. 3B, 3C), the highly LRR12 insertion (aa 346: TLR3-Cters4-HA), as established and
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FIGURE 3. TLR3 transits through the Golgi before being cleaved in the endolysosomal compartments. (A) Immunofluorescence of NCI-H292 cells treated for
the indicated times with Poly(I:C) (10 pg/ml) and then stained with EEA1 or Lamp!, 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 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. (D) Immunoblot analysis of NCI-H292 cells that were treated for the indicated times with tunicamycin (1 wg/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-Cterssg-HA~ or TLR3-Ctersys-HA-transfected

FIGURE 4. Endogenouscleaved 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 wM). Lysates were analyzed with TLR3.2 430
and anti-actin Abs, (B) ISRE reporter assay in

NCI-H292 cells at the indicated times after non- iB: TLR3.2| 9
silencing (—) or TLR3 (+) siRNA transfections 72
(25 p.M) and treatment without or with Poly(I:C) -
(10 p.g/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.

TLR3siRNA -

{B: -actin[*

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(I: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 pg/ml of Poly(I:C) (Fig. 5C)
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but with significantly reduced efficiency for NF-xB compared with
WT TLR3. In contrast, TLR3-Cterss¢-HA was unable to activate
either pathway, and TLR3-Ctersss-HA triggered a weak NF-«kB
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. 5SD). 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. 5C), 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
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0 001 01 1 10 100
Poly(I:C}-LMW (ug/mi)
6.
OWT
Ountreated =
R’ Poly(l:C) %5 minst2
=
84
31
@«
2%
811
i
0 R —
0 001 o1 1 10 100
Poly(A:U) (ug/ml)
HEK293

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.e, fragment (Cterssg
and Cters4¢) migrated at expected molecular mass (~72 kDa; Fig.
6D). In contrast, when the same lysates were analyzed in dena-
turing conditions, TLR3c.e; and TLR 3y, 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.re; 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 TLR3¢.ier and TLR3 4 (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.ter 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-

— 457 —

€102°12 Arenue f uo I(IESJQA!U{] OpIeXoH 1B /EJO'IOUHLHUI![//ZdJll{ WOIJ papeoiumo



The Journal of Immunology

A NCI-H292

771

conditions non denaturing

denaturing

conditions ~ ND D

Poly(C)(min) 0 5 1030 60120 0_5 10 30 60 120

Poly(C) - + - +

130

. 95
IB: TLR3.2 72+
55+

1B: -actin |2z

C HEK293-TLR3-HA D

Poly(i:

TLR3,, a0

1B: TLR3.2 TLR3gwr  |B: TLR3.2 ?3

55

TLR3,, 30

1B: TLR3.3 1B: TLR3.3 32
TLR3ys0r

55

HEK293-TLR3-HA
Plget + - - -
PHA - + - -

PTLR3Z - - +

IPTLR3.3

IB: TLR3.2| 98

IB:TLR3.3) -5

HEK293 E
—y NCI-H292
AL\ o8B o ® DAH2Ye
S gege” Plge1 + - -
DDND IPTLR32 - + -

IPTLR3.3 +

IB: TLR3.2

1B: TLR3.3

T TUR By o

HEK293-TLR3-HA

P-HA T+ F x
IPTLR3.2 + . o+
relP -HA + +

relP TLR3.2

130
I1B: TLR3.2| g5

72

I1B: TLR3.3

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. (C) Immunoblot analysis of HEK293-TLR3-HA cells treated (+) or not (—) with Poly(l:
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-Cters;¢-HA (Ctersss), or TLR3-Cterzqs-HA (Ctersgq). 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 TL.R3.3 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 TLRO.
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 TLR9, 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 TLR3gr,. 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 TLR3c.(er
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 Unc93b1
in those cells (26). Indeed, exogenous TLR3 was abundant in the
ER, whereas endogenous TL.LR3 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
HEK?293 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(I: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 TLR3c.r (22). Whatsoever the residual ac-
tivity of TLR3 ..y, 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(I:C) (8),
whereas another group showed a strong suppression of TNF
production by the same cells in response to 1 pg/ml of Poly(1: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(I: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 WI-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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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 l.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 o (TNFa)-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- contammg kinases called
receptor-interacting protein kmases (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 necroptosus in response to TNFa. sugnalmg On the other -
hand, RIP1 is known to interact with the C-terminal domain
of TICAM-1 and to modulate TLR3. sngnahng In: macrophages :
and perhaps tumor cell lines, RIP1/RIP3- medlated necroptotic.
cell death can ensue the admlmstratlon of the TLR :agonist
polyl:C. If this involved the TLR3/TICAM-1 pathway, the innate
sensing of viral dsRNA would be linked to cytopath:c effects
and to pers;stent mﬂammatlon in tum favonng the release,
of damage -associated molecular pattems (DAMPs) in the
microenvironment. Here, we review accumulatmg -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 inflammation. 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 necroptosis or
programmed necrosis.”> Necroptosis may be induced by TNFa
receptor 1 (TNFR1) agonists, but also by innate pattern-recog-
nition receptors (PRRs) such as Toll-like receptor (TLR) 3 and
TLR4." These two TLRs can recruit the adaptor TICAM-1 (also
known as TRIF), leading to Type I interferon (IFN) signaling.’
In line with this notion, the TLR3 ligand polyI: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 subrourtines’ 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 pacterns (PAMPs).® PAMPs trigger the maturation
of myeloid dendritic cells (mDCs) through the activation of TLR
and/or other pathways, eventually eliciting cellular immunity” In
mDCs, nucleic acid-recognizing TLRs (i.e., 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*
e Self molecular pattéms(DAMP) ¥ :
HMGB1 RAGE, TLR2/4
 Uricacd (D14, TiR2/4
HSPs CD14, TLR2/4,**
- $100 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.'!?

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
TNFa

TNFo has been reported to induce two different types of cell
death, apoptosis and necrosis, in a cell type-specific manner."*¢
Through TNFRI1, TNFa is implicated in NFxB 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 l“duc‘:‘:;: fType
it . TiRfamiy
TLR3 TICAM-1  dsRNA, stem RNA
TLR7/8 ~ MyDS88 ssRNA
TIRZ2  TICAM-1 dsRNA +
PKR ? dsRNA. -
RLR family
RIG-I MAVS  5-PPP RNA, dsRNA Gk
MDAS5 MAVS dsRNA (long) +
o ' NLRfa’i‘hﬂyk", : :
NALP3 ASC dsRNA
NOD2  MAVS SRNA 4
DDX family
DDXI TICAM-1 dsRNA
DDX21  TICAM-1 dsRNA +
DHX36  TICAM-  dsRNA 4
DNA sensors
 TIRO  MyD88  CpGDNA o
DAl TBK1 dsDNA~ +
POI/RIGH  MAVS ~ dsDNA e
IFli6 TBKI dsDNA +
DDX41  STING ~dsDNA +
DHX9 MyD88 CdsDNAT +
DDX36  MyDS8 dsONA +
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 recepror-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

It 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 that viral
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©
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Figure 1. TLR3 srgnals inducing cell death or effector functlons in myelord cells. Cell survival (left panel) and cell death (right panel) signals are sche-
matically depicted. TICAM-1 assembles ina supramolecular complex around ollgomenzed Toll- like receptor 3 (TLR3) inthe endosome. The complex
(named Speckle)then drssocrates from TLR3, tranlocatmg to the cytoplasm IRF-3and NFkB are actrvated by’ Speckle, leading to their nuclear trans—
- locationand lnductlon of Typel lnterferon (IFN)and mﬂammatory cytokmes, respectlvely in dendrlt [¢ Cells (DCs), f activi
lrgands and factors for cross—presentatlon e induced downstream Of IRF-3/7 (left panel). In contrast, cell deathfsrgnalmg culminates in apopt05|s and/

while TLR3-dependent necroptosis yhas been observed inmouse bon
“similar to those elicited upon ligation of
requrred for the cell death signaling, as we’ ;

a

or necrosis dependlng on downstream signal transducers (nght panel) TLR3- dependent apoptosis has been reported in several cancer cell lines,’

UMOr necrosis factor « rer:eptor 1{TNFR1). Whether or not the translocatron of the TICAM-1 complex is.
the mechamsms determmmg either cytokme sectetion or cell death remam unknown.

rrow-derived macrophages.” These events rely on RIP1/RIP3 activation,

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/MDAS3, in cell death as induced by viral infection
cannot be always ruled out. TNFo 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 (DAI 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
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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 inhibirors 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 MC159.2%%
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 necroprosis should therefore be
amalyzed 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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Necroptosis and Oncogenesis

Accumulating evidence indicates that
pro-inflammatory  signals, includ-
ing those following the activation of
NEFkB, are crucial for oncogenesis.
Morcover, DAMPs have been asso-
ciated with tumorigenesis as well as
with antitumor immune responses.*%
Tumor progression is not always
accompanied by viral infections, and
it remains unclear whether DAMPs
released from non-infected tumor
cells are sufficient to support tumor
growth. It has been reported thart self
mRNA acts as a TLR3 ligand" and
that self DNA can stimulate host cell
sensors.”** Due to the uncomplete
identificarion and functional charac-
terization of DNA sensors and their
signaling pathways, however, it is
unknown whether host nucleic acids
are potent inducers of inflammation as
compared with viral RNA or unmeth-
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 Jevel" and rep-
resentative DAMPs (Table 1) include
HMGBL? uric acid crystal,’® S100

signaling pathways are unknOWn

notyet been expenmentally conﬁrmed .The mechamsms det mining the chonce between these two

_..  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 contrast, 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 inflammatory 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.

4 Oncolmmunology

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 stimulation, accelerates the robust
release of IL-1B, IL-18 and IL-33. There are many kinds of
NLRs as well as TLRs, and the common pathways (including
those centered around the adaptor 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 tumorigenic 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 undergomg 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 mﬂammatton The mechanisms déetermining this switch remain to be clarified.

Immune Response Elicited by the Phagocytosis of
Dead Cells

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 lymphecytes (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 I
[FN and CD40, and by immune cells including CD4* T, NK and
NKT cells. FHence, 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 2005.2®* 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

www.landesbioscience.com

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 roward
a regulatory phenotype accompanied by the production of IL-10
and TGF 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.®® Ye, it has been impossible to
discriminate apoptotic and necroptotic cells based on this.* Thus,
the mechanisms whereby necroprotic cells initiate an immune
response upon phagocytosis by mDCs and macrophages, com-
pared with apoptotic 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.”” In this context, a region harboring DAMP-mediared
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, hamely 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 adjuvantinduced 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 therapeutics.®
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Antltumor effect of Polyl C @ vnral dsRNA analog) has been attrlbuted to dendrmc cell (DC) maturatlon actlwty, that
drives antitumor NK cells, DC cross- presentation, cytotoxm T Iymphocytes and many IFN-inducible genes Accordmg toa
recent paper, tumor—mﬁltratmg M2 macrophages are found to become an addmonal 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 that
spontaneous 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, MDAS5 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
Rafilin,? then the endosomal TLR3 passes
the signal to the adaptor TICAM-1.? The
multiple functionality of polyl:C may
reflect its divergent receptor usage, and
knockout mouse (KO) studies have there-
fore been indispensable for determinarion
of the role of each receptor in antitumor
immunity.

In mouse models, growth retardation
of syngenic implanted tumor has been
reportedly observed by administration
of polyl:C, which is now attributable 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 anti-
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 tumor 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. Ulmmately, their con-
clusion was that tumor-infilerating 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 antitumor, Ml1-like, behav-
ing like a tumoricidal effector. In these
Mf, TLR3/TICAM-1 pathway, but not
the IPS-1 pathway, is also mandatory for
TNFa production and tumeor regression.
Indeed, the marker profile of the Mf was
similar to those reported as M2 Mf or
tumor-associated Mf (TAM). It is notable
that they have high expression levels of
TLR3. Hence, the polyl:C tumor growth
retardation is mechanically multifarious
and involves TNFa hemorrhagic necrosis.

TLR3 is highly expressed in CD8*
splenic DC and CD103* non-lymphoid
DC in mice,® and they are strong induc-
ers for cross-priming of CD8 T cells,”®
namely cytotoxic T lymphaocytes (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 acrivation, CTL
proliferation and conversion of TAM to
an tumoricidal effector (Fig. 1). Hence,




TAA + dsRNA < Stromal cell§

Target cells Effector cells

NK cells

CD8*, CD103* DCs

w CTLs
MDAS5-IPS-1

Tumor-
infiltrating

\ myeloid cells
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f Flgure 1. Polyl C mduces three antltumor effectors via dlfferent routes. Antitumor acthlty of po]yl :C agamst tumor cells are assessed inmouse: tumor-
| |mplant models. A unique point in this review is the thlrd pathway where tumo
 carcinoma cells. This tumoricidal activity is mediated b : ‘ N
admmlstered it acts on tumor—mﬁltratmg Mf and converts them to antltumor eff ctors

-infiltrating myeloid cells are involved ffectlveiy damages Lewis Lung
he yelond "ells, and attribu ;

Ithough pglyly:C,iysj.p.‘; :

the Janeway/Medzhitov concept’ may be
adaptable to tumor immunology that pat-
tern recoguition receptor (PRR) stimula-
ton by a specific ligand wiggers innate

immune response and facilitates establish-

ment of the cellular immune system.

A tantalizing 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 conmsists 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-I and deliver the
K63-linked polyubiquitin moiety to RIG-I CARDs and
the C-terminal domain. 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
Ké63-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 (LUBACs). The
TRIM25 protein is ubiquitinated by LUBAC and
then degraded by proteasomes. The splice variant of
RIG-I encodes a protein that lacks the first CARD of
RIG-1, and the variant RIG-I protein is not ubiquiti-
nated by TRIM2S. Therefore, ubiquitin is the key regu-
lator of the cytoplasmic viral RNA sensor RIG-I.

Keywords: RIG-I/type 1 interferon/ubiquitin/virus,

Abbreviations: CARD, caspase activation and
recruitment domain; CTD, C-terminal domain;
dsRNA, 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. 1B). There are three members of the
RLR family: RIG-I, MDAS 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-1, 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-I CTD represses the inter-
action between RIG-I CARDs and IPS-1 CARD (9).
RIG-1 CTD recognizes the 5 triphosphate of short
double-stranded RNA, leading to multimerization of
RIG-I and IPS-1 (10—13). IPS-1 triggers signaling to
induce type I IFN and other inflammatory cytokines
through STING (also called MITA) protein, which is
localized to the endoplasmic reticulum or the mito-
chondria (/4—17). STING then activates transcription
factors, such as IRF-3, IRF-7 and NF-xB (15, 18).
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, 19).
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, TLR?7 is responsible for the detection of viral
RNA (20). In addition, knockout of IPS-1 and STING
inhibits the production of type I IFNs from MEFs,
Mfs and ¢DCs, but not from pDCs (/5—18). 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 I IFN production in vivo but
shows only a marginal effect on late type I IFN pro-
duction (15-18). Knockout of RIG-I increases the

© The Authors 2011. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 5
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Fig. 1 Production of type I IFN in response to viral infection.
(A) Type I IFN is a cytokine that possesses strong anti-viral activity.
Type I IFN is produced from fibroblast cells, cDC, pDC and Mf in
response to viral infection. (B) TLR3, 7 and § are localized to
endosomes and are responsible for the recognition of viral RNA.
Viral RNA in the cytoplasmic region is recognized by RIG-I and
MDAS, leading to the activation of the adaptor molecule 1PS-1.
[PS-1 triggers the signal to induce type I IFNs. Type I IFNs binds to
an IFN receptor. IFNAR, leading to the activation of anti-viral
factors, such as PKR and RNascL.

Nucleus

mortality due to viral infections (2, 79). Thus,
RIG-I-dependent pathways are necessary for efficient
early type I IFN production and are required for pro-
tection against viral infections (I8).

TRIM25 ubiquitin ligase is a positive factor
for the RIG-l activation

During viral infection, the RIG-I protein has a mod-
ified form of ubiquitin. TRIM25 (also called Efp)

RING-finger Coiled-Coil
PRY SPRY

TRIM25 631aa
RING PRY SPRY
Riplet ; 432 aa
Zinc-Finger
RNF125 HU» 232 aa

CARD RNA helicase CTD

RIG-I 925 aa

Fig. 2 Domain structures of TRIM25, Riplet, RNF125 and RIG-I.
TRIM2S consists of RING finger, B-box, coiled-coil, PRY and
SPRY domains. Riplet is similar to TRIM25 and consists of
RING-finger, PRY and SPRY domains. RNF125 consists of
RING-finger and two zine-finger domains. Three proteins mediate
the polyubiquitination of RIG-I. RIG-I consists of two N-terminal
CARDs, central RNA helicase and CTDs.

is a ubiquitin ligase (22, 23), and its domain structure
is described in Fig. 2. This protein interacts with the
first CARD of RIG-I (22, 24). TS55I mutation of the
first CARD of RIG-I is found in RIG-I-deficient
HuH7.5 cells. TSS of RIG-I is critical for the inter-
action between TRIM25 and RIG-I (9, 24, 25). Gack
et al. detected the polyubiquitination of the K99,
K169, K172, K181, K190 and K193 residues of
RIG-I CARDs by mass spectrometry analysis (22),
and the K172R mutation alone causes a near-complete
loss of the polyubiquitination of RIG-I CARDs (22).
TRIM2S delivers the K63-linked polyubiquitin moiety
to the K172 residue of the second CARD of RIG-I,
leading to efficient interaction with IPS-1/MAVS/
VISA/Cardif (22, 24). On the other hand, Zeng et al.
reported another mechanism of the activation of
RIG-I by ubiquitin. They reconstituted RIG-I path-
way in vitro and showed that RIG-I CARDs sense un-
anchored polyubiquitin chains mediated by TRIM2S,
and the binding of RIG-I CARD:s to the unanchored
polyubiquitin chains leads to the activation of RIG-I
(26). Knockout of TRIM25 abrogates IFN-§ produc-
tion from MEF in response to viral infection (22).
Thus, ubiquitination or polyubiquitin binding is essen-
tial for the activation of RIG-I (Fig. 2).

The expression of a splice variant of RIG-I mRNA
is robustly up-regulated upon viral infection (24). This
splice variant encodes a protein that lacks the first
3680 amino acid region within the first CARD of
RIG-I; therefore, the RIG-I splice variant (RIG-I
SV) protein loses TRIM2S5 binding, CARD ubiquitina-
tion and downstream signalling ability (Fig. 3) (24).
RIG-I SV inhibits the multimerization of the wild-type
RIG-I protein and IPS-1 interaction and shows a dom-
inant negative effect on the RIG-I-mediated anti-viral
IFN response (24). Thus, RIG-I SV acts as the off
switch regulator of its own signalling pathway (24).
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In addition to the IPS-1 adaptor molecule, RIG-I
also binds to the inflammasome adaptor apoptosis-
associated speck-like protein containing a CARD
domain (ASC), also known as Pycard, in response to
viral infection (27). ASC activates caspase-1, leading to

viral dsRNA

Mitochondria

IRF3 NF-?B

v

Type | IFN
Inflammatory cytokine

Regulation of RIG-I by Ubiquitination

the proteolytic processing of pro-IL-18 into mature,
bioactive IL-1B (28). TRIM2S activity is dispensable
for caspase-1 activation through ASC (27). Thus,
RIG-I polyubiquitination by TRIM235 is dispensable
for ASC inflammasome adaptor activation (27).

Inactive RIG-1

Splice variant

De-ubiquitination

Degradation by proteasome
—>

VKZL

8-linked polyubiquitination

Degradation by proteasome

Activation of transcription factors

K63-linked polyubiquitin chain

K48-linked polyubiquitin chain

Head 1o tail linear polyubiquitin chain

cr:ccoc%b%

Fig. 3 Regulation of RIG-I by the ubiquitin chain. RIG-I binds to viral RNA together with other cofactors, such as DDX3. After the recognition
of viral RNA, RIG-I changes its conformation and harbours K63-linked polyubiquitination by TRIM25 and Riplet. Polyubiquitination causcs
the activation of IPS-1, leading to the production of type I IFN. CYLD, a deubiquitin enzyme, removes the polyubiquitin chain of RIG-L. CK2
and other unknown kinase phosphorylate RIG-I, and the phosphorylated RIG-I protein is not polyubiquitinated by TRIM25. In addition, splice
variant RIG-1 (SV RIG-I) is not polyubiquitinated by TRIM25, and the SV RIG-I protein acts as a dominant negative form. RNF125 mediates
the K48-linked polyubiquitinatioin of RIG-I, which causcs the degradation of RIG-1 by protcasomcs. The LUBAC protein complex suppresses
TRIM2S function by mediating the head-to-tail polyubiquitination of TRIM25.
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However, RIG-I polyubiquitination is essential for
NF-kB activation by RIG-I, which is required for
IL-18 mRNA expression; thus, knockout of TRIM?25
reduces the production of mature I1L-18 (4, 79, 27).

Riplet ubiquitin ligase is essential for the
activation of RIG-I

Riplet (also called Reul or RNF135) was isolated by
yeast two-hybrid screening to isolate RIG-I CTD bind-
ing proteins (29). The Riplet protein is composed of
N-terminal RING finger, C-terminal SPRY and PRY
domains, and is similar to TRIM25 (Fig. 2). However,
this protein lacks B-box, which is a typical feature of
TRIM family proteins. Thus, the protein does not
belong to the TRIM family. Riplet expression is ob-
served in various tissues and cells such as DC, Mfs and
MEF (29, 30). Hu et al. (31) detected endogenous
Riplet protein in human DC lysates. Riplet expression
is induced in mouse bone marrow-derived DCs
(BM-DCs) by polyIC stimulation, which is a double-
stranded RNA analog; however, its expression is not
changed in human fibroblast and HeLa cells (29).

The Riplet protein physically interacts with RIG-I
CTD, and in some experimental conditions, it binds to
RIG-I CARDs (29, 32). The Riplet C-terminal region
is responsible for this binding. Riplet mediates K63-
linked polyubiquitination of RIG-I CTD, leading to
the activation of RIG-I (Fig. 3) (29). The five CTD
lysine residues at 849, 851, 888, 907 and 909 are im-
portant for the polyubiquitination and activation of
RIG-I (29, 30). In contrast, Gao et al. (32) reported
that Riplet mediates K63-linked polyubiquitination of
K154, K164 and K172 of RIG-I CARD:s in their ex-
perimental conditions (Fig. 3).

In some strain backgrounds, RIG-I-deficient mice
are embryonic lethal, but Riplet knockout mice are
born at expected Mendelian ratios from Riplet™~
mice (79, 30, 33). Moreover, the development of DCs
and Mfs is also normal in Riplet-deficient mice (30).
Douglas et al. (30, 34) reported that Riplet/RNF135
haploinsufficiency causes an overgrowth syndrome and
learning disabilities in human: however, knockout of
the Riplet gene in mice does not cause any apparent
defects with regard to development. Knockout of
Riplet severely reduces the production of type I IFN
and abrogates the activation of RIG-I and RIG-I CTD
polyubiquitination (30). Riplet knockout mice are
more susceptible to VSV infection than wild-type
mice. As IPS-1 and STING, Riplet is necessary for
efficient, early type I IFN production in vivo, but it is
dispensable for late type I IFN productions (30). This
indicates the essential role that Riplet plays in the
RIG-I-dependent innate immune response against
RNA virus infection. Genetic evidence shows that
knockout of either Riplet or TRIM25 destroyed the
RIG-I-dependent innate immune response; therefore,
both ubiquitin ligases are required for the activation of
RIG-I in response to RNA virus infection (22, 30).
RLR pathways contribute to type I IFN expression
in response to cytoplasmic DNA (35—37). However,

8

Riplet-independent type I IFN expression pathway in
response to cytoplasmic DNA exists in MEF (30).

Ubiquitin ligases target several proteins. For ex-
ample, TRIM2S targets the proteolysis of 14-3-3 ©, a
negative cell cycle regulator that causes G2 arrest, and
thus, promotes breast tumour growth (23). Proteome
analysis reveals that Riplet binds to the TRK-fused
gene (TFG), which is a target of chromosome trans-
location in lymphoma (38—40). Pasmant et al. (41) re-
ported that the Riplet/RNF135 gene is down-regulated
in tumour Schwann cells from malignant peripheral
nerve sheath tumours, and their study suggested the
involvement of Riplet/RNF135 in an increased risk
of malignancy observed in NF1 microdeletion patients.
Thus, it is possible that Riplet targets not only RIG-I
but also other proteins.

Negative regulators of RIG-1

The RNF125 (also called TRACI) protein possesses a
RING finger domain and functions as a ubiquitin
ligase (42). Arimoto et al. (43) isolated RNF125 by
yeast two-hybrid screening to obtain the protein that
binds to UbcHS, which is an E2 ubiquitin-conjugating
enzyme, and found that RNF125 also binds to RIG-I.
Unlike Riplet and TRIM25, RNF125 ubiquitin ligase
mediates K48-, but not K63-linked polyubiquitination
of RIG-1, leading to the degradation of RIG-I by pro-
teasomes (Fig. 3) (43). UbcHS5c is possibly an E2
enzyme, which cooperates with RNF125, and UbcHS8
acts as a negative factor in the RNFI125-mediated
polyubiquitination of RIG-I (43, 44). Furthermore,
RNF125 ubiquitinates MDAS, a member of RLRs,
and the expression of RNF125 impairs MDAS-
mediated signalling (43). RNFI125 expression is
induced by type T IFN and polyIC treatment. The in-
crease in RNF125 mRNA expression correlates tem-
porally with the decrease in RIG-I expression (43).
Knockdown of RNF125 increases the type I IFN ex-
pression in response to viral infection (43). Since
RINF125 is enhanced by type I IFN, the function of
RNF125 constitutes a negative regulatory loop circuit
for type I IFN production.

CYLD is a deubiquitinase that cleaves the K63-
linked polyubiquitin chain. This protein acts as a nega-
tive regulator of NF-kB and Jun N-terminal kinase
signalling pathways by cleaving the K63-linked poly-
ubiquitin chains of NEMO, TRAF2 and BCL3
(45—48). Friedman et al. (49) performed a microarray
analysis and found that the expression profile of RIG-I
is correlated with that of CYLD. Moreover, they found
that the CYLD protein physically interacts with
RIG-I, TBK1 and IKKe, and deubiquitinates these
proteins. CYLD inhibits SeV-induced type I IFN pro-
duction. Thus, it is expected that CYLD attenuates the
establishment of an anti-viral state (Fig. 3).

There are host and viral negative regulators for
TRIM25. HOIL-1L and HOIP are members of the
RING-IBR-RING (RBR) E3 ubiquitin ligase family
and form complexes (50). HOIL-1L and HOIP form
ubiquitin polymers through the linkage between the
C- and N-termini of the ubiquitin molecules in order to
assemble a head-to-tail linear polyubiquitin chain; thus,
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the protein complex is designated as LUBAC (linear
ubiquitin assembly complex) (50). LUBAC has the abil-
ity to induce polyubiquitination of TRIM2S; it specific-
ally suppresses TRIM25-mediated RIG-I ubiquitination
by inducing TRIM2S5 degradation and inhibiting
TRIM2S5 interaction with RIG-I (Fig. 3) (51).
Excessive production of IFNs or inflammatory cyto-
kines is destructive rather than protective; thus, an ab-
solute regulation of the immune signalling pathway is
essential for a successful immune response against viral
infections. HOIL-1L- and HOIP-mediated suppression
of TRIM2S would be important for the absolute regu-
lation of an immune response (5/).

Viruses have evolved sophisticated mechanisms to
evade the host IFN system. There are several virus-
encoded IFN antagonists that inhibit host innate
anti-viral responses. NSI of the influenza A virus is
one of the IFN antagonists (52, 53). It sequestrates viral
dsRNA from cellular sensors including RIG-I (52). In
addition, it interacts with the coiled-coil region of
TRIM25 and blocks TRIM25 multimerization and
RIG-I CARD polyubiquitination (54).

Perspectives

Several ubiquitin-like proteins (UBLs) exist. [SG151is a
UBL and is induced in response to viral infection (535).
Several anti-viral proteins are modified by ISGIS,
including RIG-I (44, 55). UbcHS is an E2 enzyme that
promotes ISG15 conjugation to RIG-I (44). However,
ISG15 knockout mice do not either reduce immuno-
logical functions or decrease anti-viral activity (56).
Thus, the physiological role of ISGLS5 conjugation to
RIG-I remains unknown.

In addition, the RIG-I protein is modified by phos-
phorylation. The T170 residue of RIG-I is phosphory-
lated under normal conditions, and phosphorylation is
reduced after SeV infection (24). Phosphorylation of
RIG-I CARDs inhibits the TRIM25-mediated polyu-
biquitination (Fig. 3). Thus, Gack et al. suggested that
dephosphorylation of RIG-I permits the TRIM2S
binding and TRIM25-mediated polyubiquitination of
RIG-1, allowing RIG-I to form a stable complex with
IPS-1 in order to trigger an IFN-mediated anti-viral
innate immune response. However, the kinase and
phosphatase that target RIG-I N-terminal CARDs
are still unknown. In addition to RIG-I CARDs,
RIG-I CTD is regulated by phosphorylation. In rest-
ing cells, casein kinase II (CK2) phosphorylates T770,
and S854 and S855 (57). The phosphorylation of
RIG-I CTD suppresses the RIG-I-mediated signalling
(Fig. 3) (57). Following viral infection, phosphatases
cause dephosphorylation of the RIG-I CTD, leading
to the activation of RIG-I-mediated signalling (57).

RIG-I requires several cofactors. High mobility
group box proteins are required for the RIG-I to rec-
ognize viral RNA (58). DDX3 and DDX60 are
non-RLR helicases that are involved in RLR signal-
lings, and play pivotal roles in RIG-I-mediated signal-
ling (Fig. 3) (39-62). It remains to be determined
whether the post-translational modification of RIG-I
affects the interaction with those co-factors.

Regulation of RIG-1 by Ubiquitination

Riplet ubiquitinates RIG-I CTD. The molecular
mechanism of how the Riplet-dependent polyubiquiti-
nation of RIG-I1 CTD triggers the downstream signal-
ling remains to be determined yet. RIG-I CTD has two
functions. In the absence of viral RNA, RIG-I CTD
suppresses the activation of RIG-I CARDs. Following
viral infection, RIG-I CTD binds to viral RNA, lead-
ing to the conformational changes and ultim-
ately removal of the suppression. It is possible that
CTD polyubiquitination affects both functions of
RIG-I CTD.
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