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but with significantly reduced efficiency for NF-kB compared with
WT TLR3. In contrast, TLR3-Cterys¢-HA was unable to activate
either pathway, and TLR3-Ctersss-HA triggered a weak NF-xkB
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¢_r 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

Poly(A:U) (ug/mi)
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 ., fragment (Ctersse
and Ctera4) migrated at expected molecular mass (~72 kDa; Fig.
6D). In contrast, when the same lysates were analyzed in dena-
turing conditions, TLR3¢_.; 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 TLR3¢. ., 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_ier and TLR 3., (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.ier 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(1:C) (10 wg/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 wg/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-Cter;ss-HA (Cterssg), or TLR3-Ctersqq-HA (Cterysg). 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 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 TLR3y; , 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
TLR3¢.ter, but not TLR3g, after activation with Poly(I:C) in
NCI-H292 cells (38), combined with the absence of free TLR3_¢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 TLRO 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 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(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 TLR3c ., 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¢_., (22). Whatsoever the residual ac-
tivity of TLR3c_.,, 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 dsSRNA 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(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(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 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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Supplemental material

SUPPLEMENTAL FIGURE 1. (A) Fluorescence intensity profiles of HEK293-TLR3-
HA cells stained with anti-HA and TLR3.1 antibodies. (B) Immunoblot analysis of
THP1 and U937 cells; lysates were analyzed with TLR3.2 and anti-actin antibodies.
Immunoblot analysis of U937 cells treated or not for 24 h with IFN (1000 1U/ml);
lysates were analyzed with TLR3.2 and anti-actin antibodies. (C) Immunoblot
analysis of U937 cells treated (+) or not (-) for 24 h with IFN (1000 1U/ml); lysates
were analyzed with TLR3.2 and anti-actin antibodies, as indicated. (D) Immunoblot
analysis of BEAS-2B cells treated (+) or not (-) for 24 h with IFN (1000 1U/ml); lysates
were analyzed with TLR3.2, TLR3.3 and anti-actin antibodies. (E) Measurement of
NF-KB and ISRE activation with luciferase-based reporter assays in THP1 cells
treated or not (-) for 4 h with Poly(l:C) at indicated concentrations (left panel), with
TNF-a (50 ng/ml) and with [FN-a (1000 1U/ml). Values represent molecular mass
(kDa) (B-D). Data are representative (A-D) or mean (E) of three independent

experiments. Error bars represent SEM.

SUPPLEMENTAL FIGURE 2. (A) Cytokine production in NCI-H1703 and NCI-H292
cells treated or not with Poly(l:C) (100 ug/mi) for 24 h. (B) ISRE reporter assay and
immunoblot analysis in NCI-H292 and NCI-H1703 cells after non silencing (-) or TRIF
(+) siRNAs transfections (20 uM) and treatment without (white) or with (black)

Poly(l:C) (10 ug/ml) for 4 h. For immunoblot, lysates were analyzed with anti-TRIF
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and anti-actin antibodies. *: p < 0.05 comparing untreated with Poly(l:C)-treated
conditions. (C) Immunoblot analysis of NCI-H1703 cells treated during indicated
times with Z-FA-fmk (20 uM) renewed every 24h. Lysates were analyzed with TLR3.2,
TLR3.3 and anti-actin antibodies. (D) NF-KB (left panel) and ISRE (right panel)
reporter assay in NCI-H292 cells pretreated during indicated times with Z-FA-fmk (20
uM) renewed every 24h, and then treated with Poly(I:C) (10 ug/ml) for 4 h. (E) NF-KB
(left panel) and ISRE (right panel) reporter assay in NCI-H1703 cells pretreated
during indicated times with Z-FA-fmk (20 uM) renewed every 24h, and then treated
with Poly(l:C) (10 ug/ml) for 4 h. (F) Immunoblot analysis of U937 and NCI-H292 cells
treated during indicated times with Z-FA-fmk (20 uM). Lysates were analyzed with
TLR3.2 and anti-actin antibodies. (G) Immunoblot analysis of NCI-H1703 cells
treated during indicated times with chloroquine (1 ug/ml). Lysates were analyzed with
TLR3.2, TLR3.3 and anti-actin antibodies. Values represent molecular mass (kDa) (B,
C, F and G). Data are representative (C, F and G) or mean (A, B, D and E) of three

independent experiments. Error bars represent SEM.

SUPPLEMENTAL FIGURE 3. Fluorescence intensity profiles of NCI-H292 cells
treated during indicated times with Poly(I:C) (10 ug/ml) and then stained with Lamp1,
EEA1 and/or TLR3.1 antibodies. Data are representative of three independent

experiments.

SUPPLEMENTAL FIGURE 4. (A) Immunoblot analysis of NCI-H292 cells at

indicated times after non-silencing (-) or TLR3 (+) siRNAs transfections (20 uM).

N
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Lysates were analyzed with TLR3.3 and anti-actin antibodies. (B) NF-KB reporter
assay in NCI-H292 cells at indicated times after non-silencing (-) or TLR3 (+) siRNAs
transfections (20 uM) and treatment without or with Poly(l:C) (10 ug/mi) for 4 h. (C)
Immunoblot analysis of NCI-H292 cells treated (+) or not (-) with Poly(l:C) (10 ug/ml)
for 2 h. Lysates were denatured (D) or not (ND) and then analyzed with TLR3.2,
TLR3.3 and anti-actin antibodies. (D) Immunoblot analysis on native gel of NCI-H292,
NCI-H1703 and HEK293 cells transfected with empty vector (EV), TLR3WT-HA (WT),
TLR3Ins12-HA (Ins12) or TLR3Cter356-HA (Cter356). Lysates were not denaturated
and then analyzed with TLR3.2 and anti-HA antibodies. Values represent molecular
mass (kDa). Data are representative (A, C and D) or mean (B) of three independent

experiments. Error bars represent SEM.
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