Negative Control of TLR3 Signaling by TICAM1

Down-Regulation

Shasha Tao'?, Lingxiang Zhu?, Pakkei Lee3, Wai-ming Lee*, Kenneth Knox3, Jie Chen’,

Yuanpu Peter Di5, and Yin Chen?2

'School of Public Health, China Medical University, Shenyang, China; “Department of Pharmacology and Toxicology, School of Pharmacy,
University of Arizona, Tucson, Arizona; 3Division of Translational Biology, the Hamner Institutes for Health Research, Durham, North Carolina;
“Department of Pediatrics, University of Wisconsin, Madison, Wisconsin; *Department of Internal Medicine, School of Medicine, University of
Arizona, Tucson, Arizona; and ®Department of Environmental and Occupational Health, University of Pittsburgh, Pennsylvania

Toll-IL-1 receptor (TIR) domain-containing adaptor molecule-1
(TICAMM1, also called TRIF) is an important adaptor protein in TLR3
and TLR4 signaling pathways that mediate proinflammatory cyto-
kine and IFN responses. Negative regulation of TICAM1 by exoge-
nous viral protease or by endogenous caspase and proteasome have
been reported to shut down TICAM1-mediated signaling. In this
study, we discovered that down-regulation of TICAM1, but not other
components in this signaling pathway, occurred in a natural process
of TLR3 activation induced by double-stranded RNA or human rhi-
novirus (RV) infection in airway epithelial cells and various other cell
types. TICAM1 was essential for IFN expression, and the loss of
TICAM1 significantly elevated RV production. The low level of
TICAM1 protein expression, caused by the prior double-stranded
RNA treatment, led to alack of IFN production upon additional treat-
ment, suggesting receptor desensitization. In follow-up studies,
TICAM1 down-regulation was found to be dependent on TLR3 but
not RIG1, MDAS, or PKR and appeared to be regulated post-
translationally. Neither proteasome nor caspase inhibitors could
prevent TICAM1 down-regulation. Instead, a lysosome-mediated
process appeared to be involved, suggesting a novel mechanism that
is different from previous reports. In conclusion, TICAM1 down-
regulation is an essential step in TLR3 activation, and its function is
to stop TLR3-mediated IFN production.

Keywords: TLR3; airway; desensitization; TICAM1; virus

Toll-like receptor (TLR) signaling is crucial for activation of in-
nate and adaptive immunity. There are at least 10 expressed hu-
man TLRs, and they share similarities in extracellular and
intracellular domains (1). When engaging their cognate ligands,
TLRs dimerize, triggering recruitment of intracellular proteins
and initiating signaling (2). The molecular basis of this recruit-
ment and the subsequent signaling depends on the conserved
part of the intracellular domain, called the Toll/IL-1 receptor
(TIR) domain, on these proteins (TLR and other participating
proteins) (2). Upon TLR dimerization, a TIR-TIR interaction
immediately forms to further recruit other TIR-containing pro-
teins (2). The initial TIR-interacting proteins are called adap-
tors. Five adaptors have been identified: myeloid differentiation
primary response protein 88 (MYD88), TIR domain-containing

(Received in original form September 26, 2011 and in final form December 16, 201T)

Supported by National Institutes of Health grant RO1AI061695 and by an Arizona
Research Biomedical Commission pilot grant.

Correspondence and requests for reprints should be addressed to Yin Chen,
Ph.D., Department of Pharmacology and Toxicology, 1703 E Mabel Street
RM232. E-mail: ychen@pharmacy.arizona.edu

This article has an online supplement, which is accessible from this issue’s table of
contents at www.atsjournals.org

Am ] Respir Cell Mol Biol Vol 46, Iss. 5, pp 660-667, May 2012

Copyright © 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2011-03400C on December 30, 2011
Internet address: www.atsjournals.org

CLINICAL RELEVANCE

The present report describes a novel TLR3 desensitization
step. It significantly advances our understanding of respi-
ratory antiviral defense and facilitates the development of
effective treatment of viral-induced respiratory diseases and
their exacerbations.

adapter (TIRAP, also called Mal), TIR-containing adapter
molecule-1 (TICAMI, also called TRIF), TRIF-related adapter
molecule (TRAM, also called TICAM?2), and sterile o and
HEAT-Armadillo motifs (SARM) (2). Recruiting different
adaptors, thus forming different downstream signaling proteins,
is responsible for the diversified biological responses induced by
TLR. Among these adaptors, MYDS88 and TICAMI1 are the
most studied, and TLR pathways can be essentially categorized
as MYDS88 dependent or TICAM1 dependent (2). The down-
stream signaling pathways mediated by MYDS88 include
activations of NF-«kB, p38, and JNK, which further lead to
proinflammatory cytokine production (3). The downstream ef-
fect of TICAMI1 is more complicated, and the activation of IFN
production has been mainly attributed to this adaptor (3). TLR3
and TLR4 use TICAM1 as an adaptor. TLR4 activation recruits
MYDS88 and TICAMI1, whereas TLR3 activation appears to
recruit only TICAMI1. The interaction between TLR4 and
TICAMLI is indirect and is mediated through another adaptor-
TRAM, but the interaction between TLR3 and TICAMI1 is
thought to be direct (2, 3).

Airway epithelium is the first line of defense against viral in-
fection, and it is the initial infection site and the route of entry of
viral pathogens. In the airway, viral infections directly cause ill-
nesses and exacerbate existing chronic diseases, such as asthma
(4), chronic obstructive pulmonary disease (5), and cystic fibro-
sis (6). Because TLR3 recognizes double-stranded (ds)RNA,
a viral replicating mimicker, it has been implicated in antiviral
defense in a variety of model systems (7). In the airway, TLR3
has been implicated in the infections of influenza (8, 9) and
respiratory syncytial virus (8, 10). We and others have also
reported TLR3 activation in human rhinovirus (RV) infection
(11-13). Most recently, TLR3 signaling was demonstrated as the
earliest activated pathway by RV infection to further regulate
the downstream RIG1 and MDAS pathways (14). Although
TICAM1 was not explicitly examined in the report, its function
as the sole adaptor to TLR3 suggests that TICAM1 may play
important role in anti-RV defense.

The importance of antiviral systems (e.g., TLR3-TICAM1) is
usually in parallel with the evasive mechanism used by the viruses.
Serine protease-NS3/4A from hepatitis C virus was the first to be
demonstrated to cleave and degrade TICAM1, thereby inhibiting
IFN production (15). Recently, two endogenous mechanisms
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have been reported to terminate TLR3-initiated signaling by
cleaving and/or degrading TICAMI: (Z) the activation of cas-
pases (16) and (2) the activation of 26S proteasome (17). Thus,
regulation at the level of TICAM1 may be a new and important
point to control TLR-induced signaling. In this report, we have
discovered a novel negative regulatory mechanism that oc-
curred in the natural process of TLR3 activation that differs
from previously reported mechanisms.

MATERIALS AND METHODS

Viruses, Chemicals, Inhibitors, and Antibodies

RV16 stock was amplified and purified based on the previous published
protocol (18). Viral titers were determined by plaque assay (18). The
brief protocols of viral purification and the sources of chemicals, inhib-
itors, and antibodies are described in the online supplement.

Cell Culture, dsRNA Treatment, and RV Infection

Human tissues were obtained from the National Disease Research In-
terchange or from the University Medical Center. The University of
Arizona Institutional Review Board approved all procedures involved
in tissue procurement. We have previously successfully established pri-
mary airway tracheobronchial epithelial (TBE) cell cultures (19, 20).
The detailed conditions for the primary cells and cell lines are de-
scribed in the online supplement. dSRNA or RV infection was per-
formed based on our protocol as described previously (12, 21).
Specific conditions and timing are described in the figure legends.

Real-Time PCR

Real-time PCR was performed as described previously (22). The primers
are listed in Table 1. The details are described in the online supplement.
The results were usually calculated as fold induction over control as
described previously (12), except for the RV-positive stranded RNA.
Because of the lack of RV RNA in the control, the real-time result
was presented in relative abundance as described above and as described
in our previous report (21).

Flow Cytometry

A total of 1 X 10° cells were left alone (nonpermeable) or made permeable
by treatment with Triton X-100. Then, the cells were stained with 1 mg/ml
anti-TLR3 antibody (clone TLR3.7; eBioscience Inc.) or mouse IgG1 iso-
type control (eBioscience Inc., San Diego, CA) for 1 hour. A second
antibody conjugated with Alexa488 (Invitrogen, Carlsbad, CA) was used
to detect the positively stained cells. The cells were then fixed with 1%
paraformaldehyde and analyzed on a BD LSR Cytometer (BD Bio-
sciences, San Jose, CA) measuring 10,000 cells. The data were expressed
as the mean fluorescence intensity of anti-TLR3-stained cells minus the
mean fluorescence intensity of isotype control-stained cells.

Small Interference RNA and Transient Transfection

Control small interference RNA (siRNA) was purchased from
Ambion (Austin, TX). siRNA against TLR3 (GGTATAGCCAGC

TABLE 1. REAL-TIME PRIMERS

Gene Primers

IFN-B Forward: ATTGCCTCAAGGACAGGATG
Reverse: GCTGCAGCTGCTTAATCTCC

IFN-X1 Forward: GGACGCCTTGGAAGAGTCACT
Reverse: AGAAGCCTCAGGTCCCAATTC
RV16 Forward: GCTGTGCAGTTGGATGTGAT
Reverse: AAAGCCATGATGCAATCTCC
TLR3 Forward: ATTGGGCAAGAACTCACAGG
Reverse: AGCATCAGTCGTTGAAGGCT
TRIF Forward: ACTGAACGCAGCCTACTCAGC
Reverse: ATGACATGTGGCTCCCAAAAG
GAPDH Forward: CAATGACCCCTTCATTGACC

Reverse: GACAAGCTTCCCGTTCTCAG
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TAACTAGAA) (12), TRIF (GACCAGACGCCACTCCAAC) (23),
RIG1 (GGAAGAGGTGCAGTATATT) (15), and MDAS (GGTGAA
GGAGCAGATTCAG) (15) were synthesized by Ambion (Austin,
TX). siRNA was transfected into cells using lipofectamine 2000 (Invi-
trogen) based on the manufacturer’s instructions. Successful knock-
down of the target was confirmed by real-time RT-PCR and Western
blot.

Live Cell Imaging

Cells were grown on 35-mm glass-bottom dishes for live cell imaging and
transfected with TICAM1-CFP. At 12 hours after transfection, cells
were gently washed once with 1X PBS, and phenol red-free medium
was added. Lysozyme was highlighted with lysoTracker (Invitrogen).
All images were acquired using confocal microscope (LSM 510 meta;
Carl Zeiss, Thornwood, NY).

Statistical Analysis

Experimental groups were compared using a two-sided Student’s ¢ test,
with significance level set at P < 0.05. When data were not distributed
normally, significance was assessed with the Wilcoxon matched-pairs
signed-ranks test, and P < 0.05 was considered to be significant. When
multiple groups were compared, ANOVA with Tukey—Kramer method
was used. The analyses were assisted by biostatisticians in Integrative
Health Sciences Facility Core of the Southwest Environmental Health
Science Center (http://swehsc.pharmacy.arizona.edu/integrative/areas/
biostatistics.php).

RESULTS

dsRNA Treatment Dramatically Down-Regulated TICAM1
Levels in Airway Epithelial Cells and in Various Other
Cell Types

To characterize epithelial dsSRNA response, we examined the
expressions of various components of TLR signaling. The treat-
ment of dsSRNA dramatically down-regulated TICAM1 in two
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Figure 1. Double-stranded RNA (dsRNA) down-regulated TICAM1 in
airway epithelial cells. (A) The cells were treated with dsRNA at 25 p.g/ml
for 3 hours, and protein was collected for Western blot analysis of
TICAM1. Antiactin antibody was used as a control for equal loading.
TBE = primary tracheobronchial epithelial cells. BEAS-2B is a T-antigen
immortalized human airway bronchial epithelial cell line; NCIH292 is
a human mucoepidermoid carcinoma cell line. (B) NCIH292 cells were
treated with different dosages of dsRNA for 3 hours, and protein was
collected for Western blot analysis. (C) NCIH292 cells were treated with
25 pg/ml of dsRNA for different times as indicated, and protein was
collected for Western blot analysis. Actin was used as a loading control.
All images are representative of at least three independent experiments.
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Figure 2. (A) Flow cytometry
analysis of TLR3 expression by
dsRNA treatments. The nonper-

meable condition was used to
determine the cell surface ex-
pression, and the permeable
condition was for intracellular
expression. MFl = mean fluores-
cence intensity (n = 5); nd = no
difference. (B) An example of
histogram of flow cytometry un-
der permeable condition. IgG =
isotype-matching (IgG1) anti-
body control; No Ab = no anti-
body control; TLR3 = TLR3.7
antibody staining. (C) Western
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epithelial cell lines (BEAS-2B and NCIH292) and in primary
cells (TBE) (Figure 1A). The reduction appeared to be time
dependent (Figure 1B) and dose dependent (Figure 1C). The
half-life of TICAM1 under 25 pg/ml dsRNA treatment in
NCIH292 appeared to be approximately 1 hour. The other ma-
jor components in this signaling pathway were not significantly
changed. TLR3 expression was determined in permeable and
nonpermeable conditions. The TLR3 staining signal under non-
permeable conditions mainly came from the cell surface,
whereas the signal under permeable conditions came from the
intracellular compartment. In epithelial cells, TLR3 expression
was largely confined in the intracellular compartment and
appeared not to be affected by dsRNA treatment (Figure
2A). An example histogram is included to show the antibody
specificity (Figure 2B). To confirm the flow data, we analyzed
total TLR3 protein using Western blot by a different antibody
(see MATERIALS AND METHODS). There was a slight, but insig-
nificant, increase of TLR3 upon dsRNA treatment (Figure 2C).
Nonetheless, dsSRNA did not down-regulate TLR3 (Figures 2A
and 2C). Similarly, the total protein level of TBK1 and IRF3 (two
downstream signal components) were not affected by dsRNA
treatment (Figure 2D). Therefore, this down-regulation at the
protein level must not be caused by the outright cellular cytotox-
icity and appeared to be limited to TICAMI1. The specificity of
TICAM1, TBK1, and IRF3 antibodies were confirmed by siRNA
(see Figures E1 and E2 in the online supplement). To determine
whether or not TICAM1 down-regulation existed only in airway
epithelial cells, we examined two other major lung cell types:
primary lung fibroblast and primary lung macrophages. dsSRNA
decreased TICAM1 level in these cells (Figures 3A and 3B).

A) Primary Lung Fibroblast
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B) Primary Lung Macrophage

<— IRF3 . .
analysis. Actin was used as

a loading control. All the images
are representative of at least
three independent experiments.

Thus, TICAM1 down-regulation by dsRNA appeared not to be
an epithelial-specific, but rather a universal, phenomenon. To
further understand the consequence and mechanism of this find-
ing, we focused on the airway epithelial cells in a follow-up study.

RV Could Down-Regulate TICAM1 level, and TICAM1 Was
Required to Induce IFN Production and Anti-RV Response

Because dsRNA was used as a viral replicating mimicker, the
next question was if the down-regulation of TICAM1 could
be triggered by real viral infection. We and others have reported
before that human RV could activate the TLR3 pathway (11-13)
in airway epithelial cells. Thus, we hypothesized that infecting
cells with RV could down-regulate TICAMI1. Because HeLa
cells were primarily used to generate RV stock, we first tested
the time course of RV infection in these cells and found that the
TICAM1 down-regulation was started at 6 hours after RV in-
fection and was completed at 24 hours after RV infection (Fig-
ure 4A). In addition, only replicating virus could down-regulate
TICAMI1 (Figure E3). We then tested NCIH292 cells and pri-
mary TBE cells at 24 hours after RV infection. TICAM1 was
indeed significantly decreased in these cells (Figure 4B), but the
magnitude was not as significant as in HeLa cells, which may be
caused by the reduced infectivity of RV in these cells as com-
pared with HeLa cells (24). Nonetheless, RV infection was also
able to down-regulate TICAMLI in epithelial cells. For easy cell
handling and gene manipulation, we used both BEAS-2B and
NCIH292 epithelial lines in the subsequent studies to understand
the consequence and mechanism of this down-regulation. All the
data were identical in both cell lines. Thus, for clarity, only

Figure 3. dsRNA down-regulated TICAM1 in other cell
types. (A) Primary lung fibroblasts. (B) Primary lung mac-

C ds C ds rophages. The cells were treated with dsRNA at 25 wg/ml
for 3 hours, and protein was collected for Western blot

— — = <—TICAMI1 '
analysis of TICAMT1. Antiactin antibody was used as a con-
P — actin trol for equal loading. All images are representative of at

least three independent experiments.



Tao, Zhu, Lee, et al.: Negative Control of TLR3 Signaling

A) RV - - + +
Time (hrs) 6 24 6 24
— — <—TICAMI1
<— actin
B) NCIH292 TBE
C RV C RV
R ey = <—TICAMI1
<— actin

Figure 4. Rhinovirus (RV) down-regulated TICAM1 in Hela, NCIH292,
and primary TBE cells. (A) RV16 (MOI = 10) was used to infect Hela
cells for 6 and 24 hours. Cellular protein was collected for Western blot
analysis of TICAMT1. (B) RV16 was used to infect NCIH292 cells or TBE
cells for 24 hours. Antiactin antibody was used as a control for equal
loading. All the images are representative of at least three independent
experiments.

NCIH292 data are presented. To determine the consequence of
this observation, we examined the role of TICAMI1 in RV infec-
tion. RV significantly induced IFN gene expressions (i.e., IFN-f
and -A1) (Figure 5A) as well as the protein secretions of IFN-3
(Figure 5B) and IFN-A1 (Figure 5C). TICAM1 knockdown dra-
matically reduced IFN inductions (Figures SA-5C), which highly
elevated RV production as measured by the increase of RV
genomic RNA (Figure 5D) and of the mature RV coat proteins
VPO and VP2 (Figure 5E) (21). These observations were the first
to demonstrate the critical role of TICAML in anti-RV defense
and were consistent with the previous reports regarding the piv-
otal role of its upstream receptor (i.e., TLR3) (14) or downstream
effectors (i.e., IFN-f and IFN-A) (21, 25, 26) in anti-RV defense.
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TICAM1 Down-Regulation Desensitized TLR3

Because TICAM1 is required for IFN production by dsRNA
(Figure E1) and by RV (Figures SA-5C), we reasoned that
the decrease of TICAM1 by dsRNA (see Figure 1) might lead
to cellular nonresponsiveness to additional dsSRNA treatment.
IFN gene expressions (Figure 6A) and protein secretions (Fig-
ures 6B and 6C) were significantly increased at 3 hours and
decreased at 6 hours, which suggests the existence of a negative
regulatory mechanism. After 6 hours, retreating the cells with
dsRNA could not reactivate IFN expression at the mRNA (Fig-
ure 6A) and protein (Figures 6B and 6C) levels. The lack of IFN
production upon additional challenge was consistent with the
down-regulation of TICAMI (see Figure 1).

TICAM1 Down-Regulation Was Dependent on TLR3 but Not
on Secreted IFNs

dsRNA primarily activates TLR3-mediated signaling (2); there-
fore, TICAM1 down-regulation might also depend on TLR3.
Indeed, knockdown of TLR3 by siRNA could restore the
TICAMI1 level (Figure 7A). In contrast, the knockdown of
RIG1 or MDAS had no effect on TICAM1 (Figure 7A). The
basal levels of RIG1 and MDAS were very low, and dsRNA
treatment significantly increased the levels of both proteins
(Figure 7A). This finding was consistent with the recent report
regarding the low level of RIG1 and MDAS in noninfected
airway epithelial cells (14). Because IFN autocrine/paracrine
plays an important role in dSRNA/RV-induced gene expression
(21), we tested if IFN alone could be responsible for TICAM1
down-regulation. Even at a very high concentration (100 IU/ml
for IFN-B and 500 ng/ml for IFN-A1), neither IFN-B nor -A1
could down-regulate TICAM1 (Figure 7B). Based on the acti-
vation (phosphorylation) of STAT1, IFN-B, even at 1 IU/ml,

Figure 5. TICAM1 was required for IFN
production and epithelial anti-RV re-

sponse. RV-induced IFN expressions were

# dependent on TICAM1. Control siRNA
(siC) and TICAM1 siRNA (siT) were trans-

fected into NCI-H292 cells. Twenty-four

hours later, NCIH292 cells were infected

with RV16 at MOI = 10 for 24 hours. RV

was then thoroughly washed out as de-

scribed elsewhere (21). Total cellular

RNA, protein, and media were collected

24 hours later. (A) IFN-B and IFN-\1
expressions were determined by real-
(- N time PCR. The data are presented as
siCsiT — siC siT the fold inductions comparing infected

RV with mock (saline)-infected control

cells. #P < 0.05 when comparing siC

and siT (n = 5). (B) ELISA was used to
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determine the concentration of IFN-B in
culture media. The data are presented as
IU/ml. #P < 0.05 (n = 5). (C) ELISA was
used to determine the concentration of
IFN-AT in culture media. The data are
presented as pg/ml. *P < 0.05 (n = 5).
(D) RV-positive strand RNA was deter-
mined by real-time PCR. The data are
presented as the relative abundance
due to the lack of RV in mock-infected
cells as described. #*P < 0.05 when siC-

<—VP0
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transfected cells were compared with siT-transfected cells (n = 5). (E) Western blot analysis was used to determine TICAM1 and RV coat proteins
(VPO and VP2) as described elsewhere (21). All images are representative of at least three independent experiments.
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Figure 6. Significant loss of TICAM1 desensitized TLR3.
(A) NCIH292 cells were treated with 25 pg/ml of dsRNA
for 0, 3, and 6 hours as indicated in the figure. W+3: The
cells were thoroughly washed after dsRNA treatment for 6
hours. Then, the cells were rechallenged with dsRNA for
an additional 3 hours. IFN-B and IFN-\1 expressions were
determined by real-time PCR. The data are presented as
the fold inductions comparing dsRNA-treated with saline
(dsRNA solvent)-treated control cells. *P < 0.05 when the
samples treated with dsRNA for 3 hours were compared
with samples treated for 6 hours (n = 5). $P < 0.05 when
3-hour treatments were compared with W+ 3-hour treat-
ments (n = 5). (B) NCIH292 cells were treated based on
the protocol as described in A. Culture medium was col-
lected, and ELISA assay was used to determine the con-
centration of IFN-B. The data are presented as IU/ml. *P <
0.05 when the samples treated with dsRNA for 3 hours
were compared with samples treated for 6 hours (n = 5).
$p < 0.05 when 3-hour treatments were compared with
W+3-hour treatments (n = 5). (C) NCIH292 cells were
treated based on the protocol as described in A. Culture
vT+3 medium was collected, and ELISA assay was used to de-
termine the concentration of IFN-A1. The data are pre-

sented as pg/ml. *P < 0.05 when the samples treated with dsRNA for 3 hours were compared with samples treated for 6 hours (n = 5). *P <
0.05 when 3-hour treatments were compared with W+ 3-hour treatments (n = 5).

could significantly activate STAT1 and appeared to be significantly
stronger than IFN-A1. However, this discrepancy may merely re-
flect the quality of these two IFN preparations. The commercially
available IFN-B was sold by the functional unit (IU), whereas IFN-
N1 was sold by protein content (ng). The weight-based activity of
IFN-A1 was unclear. Thus, whether or not IFN-B is truly stronger
than IFN-\1 requires further investigation.

TICAM1 Down-Regulation Was Likely to Be Caused
by a Novel Post-Transcriptional Mechanism

We tested whether TICAM1 down-regulation was caused by the
decrease of gene transcription. dSRNA treatment increased
TICAM1 mRNA in a significant but limited manner at 6 and
12 hours after treatment (Figure 8), suggesting that the decrease
of TICAM1 was not controlled at a transcriptional level. Be-
cause caspase (16) and 26S proteasome (17) have been reported
to cleave and degrade TICAMI1, we tested MG132 (proteasome
inhibitor) and zVAD (caspase inhibitor). Both inhibitors were
proven functional in the previous studies (16, 17), but neither
inhibitor could prevent the TICAMI reduction by dsRNA
treatment (Figures 9A and 9B). To verify that both inhibitors
were functional in our system, we tested their documented tar-
gets. MG132 has been shown to increase cellular Nrf2 level by
preventing its proteasome-mediated degradation (27). zZVAD is
a classical inhibitor for caspase activation (16). As expected,
MG132 successfully prevented Nrf2 degradation (Figure 9A),
and zVAD blocked caspase activation (Figure 9B), suggesting
that both inhibitors worked well in our system. Thus, the down-
regulation of TICAM1 appeared not to be mediated by the
previously reported mechanisms. After screening various inhib-
itors, chloroquine, a lysozyme blocker, was the only one able to
prevent TICAM1 down-regulation in a dose-dependent manner
(Figure 9C). Consistently, we found that TICAMI1 was origi-
nally located adjacent to lysozyme under the nontreated condi-
tion (Figure 10A) but started to translocate into lysozyme after
20 minutes of dsRNA treatment (Figure 10B). The lysozymal
compartment appeared to be significantly expanded by dsRNA
treatment (Figures 10B and 10C). At 1 hour, most TICAM1
proteins were in lysozymes (Figure 10C). At 3 hours, TICAM1

was mostly degraded (Figure 10D). Thus, lysozymal degrada-
tion appeared to be responsible for TICAM down-regulation by
dsRNA treatment.

DISCUSSION

The importance of the TLR system cannot be overemphasized in
innate and adaptive immunity. The adaptor proteins are not only
responsible for determining which pathway will be activated in
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Figure 7. TICAM1 down-regulation was dependent on TLR3 but not on
IFNs. (A) TLR3 was required for TICAM1 down-regulation. NCI-H292
cells were transfected with control siRNA (siC), TLR3 siRNA (siTLR3),
RIGT siRNA (siRIGT), and MDAS siRNA (siMDAS5). Twenty-four hours
later, NCI-H292 cells were treated with 25 pg/ml of dsRNA for 3 hours,
and cellular protein was collected for Western blot analysis of TICAM1,
RIG1, and MDAS. Actin was used as the loading control. (B) IFN was
not responsible for TICAM1 down-regulation. Cells were treated with
increasing doses of IFN-AT (5, 25, 100, and 500 ng/ml) or IFN-B (1, 10,
and 100 IU/ml) for 3 hours. Total cellular proteins were collected for
Western analyses of TICAM1, phosphorylated (activated) STAT1A, and
STAT1B. Actin was used as a loading control. All images are represen-
tative of at least three independent experiments.
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Figure 8. TICAMT mRNA was increased by dsRNA treatment. Cells
were treated with dsRNA, and TICAM1 mRNA was collected at various
time points as indicated and determined by the real-time PCR. *P <
0.05 (n = 5).

response to various TLR ligands; they also play an essential role
in the regulation of the TLR signaling cascade. Abundant infor-
mation about the regulation of MYDS88-depedent signaling
pathway, particularly the one to activate NF-kB, has become
available in recent years (2, 28). In contrast, the study on the
regulation of TICAM1-dependent TLR signaling, particularly
at the level of TICAMI, is relatively limited. The PIAS (Protein
Inhibitors of Activated STAT) family was first found to interact
with TICAMI1, IRF3, and IRF7 to inhibit the activation of the
IFN-sensitive response element (29). Exogenous vaccinia viral
product-A46R has been shown to interact with TICAM1 and to
inhibit IRF3 activation (30). Another layer of control is to di-
rectly decrease the protein level of TICAM1, thereby inhibiting
the downstream signaling (mainly IFN production). Hepatitis C
virus serine protease NS3/4A was found to shut off TLR3-
mediated antiviral defense by directly cleaving and degrading
TICAM1 (15). In addition, cellular caspases were found to
cleave and degrade TICAM1 during dsRNA-induced apoptosis
(16), suggesting that targeting TICAM1 may be a common
mechanism to shut down TLR3 signaling. To reinforce this no-
tion, integrin aM has recently been shown to negatively regu-
late TLR3 and TLR4 signaling by directly degrading TICAM1
through the 26S proteasome-mediated mechanism (17). There-
fore, down-regulating the adaptor (i.e., TICAM1) may be an
emerging regulatory mechanism of TLR signaling.

In the present study, we have shown that TICAM1 down-
regulation is a natural step in the process of TLR3 activation.
In the previous report using polio viral infection, TICAM1 (or
TRIF) was not found to be cleaved by polioviral-induced caspase
activation; rather, these caspases cleaved Cardif, another adap-
tor protein downstream of RIG1 and MDAS (16). In this report,
we found that RV, belonging to the same Piconavirus family as
polio virus, could significantly down-regulate TICAM1. Al-
though RV genome encodes several proteases, their activations
are regulated autonomously through autosplicing of the poly-
protein that is translated from RV genomic RNA (31). Consid-
ering the requirement of cellular TLR3 in TICAM1 down-
regulation, these RV-derived proteases were less likely to be
involved. In addition, we have demonstrated that the lack of
TICAM1 could substantially reduce dsRNA/RV-induced IFN
expression and enhance RV production. Although the impor-
tance of TICAM1 was implied in the previous report (14), we
are the first to provide the experimental evidence that TICAM1
was indeed indispensable in anti-RV defense. Thus, RV, a TLR3-
TICAM1-activating virus, appeared to take advantage of this
step, in which TICAM1 was severely down-regulated, to escape
the cellular antiviral immunity.
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TLR3 appeared to be desensitized by the lack of IFN produc-
tion after the first round of activation, which was clearly corre-
lated with TICAM1 down-regulation, suggesting that it may play
a potentially significant role in this process. Although we have
shown that the protein levels of other key components (i.e.,
TLR3, TBK1, and IRF3) were not significantly changed, our test
was not exhaustive. It is also possible that other alterations,
which were not at protein expression level (e.g., TBK1 activity,
protein—protein interaction), may be responsible for this desen-
sitization. Thus, further study is needed to determine the precise
mechanism of this desensitization. Desensitization is a ubiqui-
tous biological process to shut off the signal. It has been well
characterized in G-protein—coupled receptor signaling (32) and
growth factor receptor signaling (33). However, the studies on
TLR desensitization are limited. Desensitization of TLR2, -4,
and -6 has been reported (34, 35), but the underlying mecha-
nisms are unknown. Except for some speculations (36), there
has been no study on the desensitization of nucleotide-sensing
TLRs (TLR3, -7, -8, and -9). Thus, this is the first report to
describe the desensitization of this type of TLR. Our results
suggest that the biological function of TLR3 desensitization
was perhaps to limit IFN production, which could induce cell
growth inhibition and cell death if being excessively produced.
However, the loss of IFN response might also open a window
for secondary infection. Further study using in vivo models is
ongoing to elucidate this process.

To search for the potential mechanism of dsRNA-induced
TICAMI1 down-regulation, we have first excluded the possibility
of transcriptional control by demonstrating that the level of
TICAM1 mRNA was not decreased but actually increased.

A) ds - + - - + +
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o= - ¥ s SRS s SR <— Nrf2
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Figure 9. (A) TICAM1 down-regulation was not affected by protea-
some inhibition. NCI-H292 cells were treated with MG132 at the indi-
cated dose or with DMSO (solvent control) for 1 hour, and then dsRNA
or saline (in control) was added. Cellular protein was collected 3 hours
later for Western blot analysis of TICAM1 and Nrf2, respectively. (B)
TICAM1 down-regulation was not affected by caspase inhibition.
NCIH292 cells were treated with zZVAD at the indicated dose or DMSO
(solvent control) for 1 hour, and then dsRNA or saline (in control) was
added. Cellular protein was collected 3 hours later for Western blot
analysis of TICAM1 and cleaved caspase 3 (indication of caspase 3
activation). (C) TICAM1 down-regulation was prevented by chloro-
quine (CQ). NCIH292 cells were treated with CQ at the indicated dose
or DMSO (solvent control) for 1 hour, and then dsRNA or saline (in
control) was added. Cellular protein was collected 3 hours later for
Western blot analysis of TICAM1. Antiactin antibody was used as a con-
trol for loading. All images are representative of at least three indepen-
dent experiments.
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Although we cannot exclude the possibility that the protein
translation of TICAM1 might be decreased, the chances are that
TICAM1 down-regulation may be controlled at a posttransla-
tional level through protein turnover similar to the previously
reported mechanisms (16, 17). However, two inhibitors from
the previous reports (16, 17) had no effect. The treatment of
dsRNA was able to induce caspase activation and apoptosis,
but the inhibition using zZVAD failed to prevent TICAMI1 down-
regulation. Similarly, MG132, a proteasome inhibitor, could not
restore the TICAM level. Further studies using lysozyme blocker
and immunofluorescence have demonstrated that TICAMI1 ap-
peared to enter and be degraded in the lysozymal compartment
after dsSRNA treatment. Thus, this is a novel mechanism that
negatively regulates TLR3-TICAM1 signaling. TLR3 is primarily
located in the intracellular organelles (e.g., endosome) (37). This is
in contrast to RIG1 and MDAS, which are present in the cytosol.
Consistently, we have shown that TICAM1 down-regulation was
dependent on TLR3 but not on RIG1 or MDAS. In addition,
although autocrined/paracrined IFN has been shown to affect
dsRNA/RV-induced gene expression (21), it did not affect TICAM1
down-regulation. The endolysosomal compartment is one of the
major cellular protein degradation factors (38). Thus, due to the
proximity of TICAMLI to this compartment, it is not surprising
that the endolysosomal proteases were responsible for its pro-
tein turnover. Lysozymal proteases consist of serine, cysteine, and
aspartic proteases (38). For the two previously reported TICAM1
proteases, NS3/4A is a serine protease, and caspase is a cysteine
protease. Thus, similar endolysosomal proteases may cleave and
degrade TICAM1, which needs further study.

In summary, we have discovered a novel negative control of
TLR3 signaling through TICAM1 down-regulation. Complete elu-
cidation of the underlying mechanism and the biological conse-
quence of this regulation will advance our understanding of
TLR3 in innate and adaptive immunity against pathogen infections.

Author disclosures are available with the text of this article at www.atsjournals.org.
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Figure 10. Analysis of TICAM1 transloca-
tion using live cell imaging. TICAM-CFP
was transfected into the cells. After 12
hours, dsRNA was treated and recorded
at various time points. (A) Nontreated
cells, time 0. (B) Twenty minutes after
the addition of dsRNA. (C) One hour after
the addition of dsRNA. (D) Three hours
after the addition of dsRNA. Original
magnification: X20. Two cells were
shown in the image (lower left and upper
right corners). A1, B1, C1, and D1 were
the magnified image from the indicated
area in A, B, C, and D, respectively. Blue:
TICAMT1-CFP. Red: lysozymes labeled
with lysoTracker. Purple: the overlap be-
tween TICAMT1-CFP and lysosome. All
images are representative of at least three
independent experiments.
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