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FIGURE 4. Suppression of ADAMIS5 expression enhances proinflammatory cytokine and MMP mRNA expression. (A) Upper, U373-CD14 cells
transfected with 20 nM control or ADAMI15 esiRNAs. Cells were harvested 24 h after transfection, and total RNA was isolated and reverse transcribed into
cDNA. The cDNA template was diluted 25 times, and ADAM15 mRNA was measured by quantitative RT-PCR using primers specific to human ADAM1S5.
GAPDH was used as housekeeping gene. Lower, Whole-cell lysates were subjected to immunoblot analysis using an anti-human ADAM15 mAb (R&D
Systems), and B-actin served as a loading control. (B) U373-CD14 cells were pretreated with ADAMIS5 or control esiRNAs for 24 h. Next, cells were
stimulated with 1 wg/ml LPS for the indicated times. Thereafter, cell lysates were harvested and subjected to immunoblot analysis using anti-pp65 and
anti—3-actin Abs. (C—G) U373-CD14 cells were pretreated with ADAMI1S5 or control esiRNAs. After 48 h, cells were stimulated with either 20 pg/ml poly
(I:C) or 1 pg/ml LPS for 3 h to measure cytokine levels. Alternatively, cells were stimulated with either 20 wg/ml poly(I:C) or 1 wg/ml LPS for 24 h to
measure MMP levels. Thereafter, total RNA was isolated and used as template to measure levels of IFN-B, TNF-a, RANTES, MMP-9, and MMP-10
mRNAs with GAPDH serving as a housekeeping gene. Data are representative of two independent experiments; each experiment was performed in du-

plicate (mean = SE). *p < 0.05, **p < 0.01, ***p < 0.001.

duction. To do this, we examined proinflammatory cytokine levels
in the absence and presence of ADAMI1S5 following infection of
cells with RV16 and VSV. Whereas RV 16 is known to be sensed by
TLR3 (28), VSV is known to be sensed by TLR4 through a
mechanism requiring TRAM and TRIF, but not MyDS88 (29). It
was found that suppression of ADAMI1S significantly induced
RV16- and VSV-mediated IFN-@, TNF-a, IL-6, and CCL5 mRNA
levels compared with noninfected control cells (Fig. 6A-D). In-
terestingly, we found that, whereas suppression of ADAMIS ex-
pression increased RV16-mediated MMP-9 and MMP-10 mRNA
levels, VSV-mediated MMP-9 and MMP-10 transcription were
decreased when compared with noninfected control cells (Fig. 6E,
6F). Moreover, suppression of ADAM1S5 significantly increased
RV16- and VSV-induced type I IFNs, IL-6, TNF-a,, and RANTES
when compared with noninfected cells (Fig. 6G-J). To support
the hypothesis that ADAMI1S is a negative regulator of TRIF-
mediated TLR3 and TLR4 signaling, we performed comparative
analysis of TLR signaling in ADAM15 '~ MEFs and WT MEFs.
Initially, TLR3, TLR4, and control, TLR2-dependent NF-kB and
IFN-B reporter gene activation was investigated using ADAM15 '~

MEFs and WT MEFs. Significantly enhanced TLR3- and TLR4-,
but not TLR2-mediated NF-kB and IFN-3 reporter gene activation
was observed in ADAM15~'~ MEFs when compared with WT
cells (Fig. 7A, 7B).

Furthermore, WT and ADAMI15~'~ MEFs were infected with
VSV for 24 h, followed by analysis of cytokine/chemokine mRNA
levels. We demonstrate that, whereas infection of WT MEFs with
VSV resulted in IFN-B, TNF-a, CCLS5, and IFN-«a induction, a
significantly greater induction of these cytokines was evident in
ADAMI15'~ MEFs (Fig. 7C-F).

ADAM 15 mediates the degradation of TRIF

To explore the mechanism by which ADAM15 negatively regulates
TRIF-mediated TLR3 and TLR4 signaling, we sought to investi-
gate whether ADAM15, a known protease (30, 31), has the ability
to mediate the degradation of TRIF and so lead to the curtailment
of TRIF-dependent signaling. To this end, HEK293-TLR3 were
transfected with TRIF in the absence and presence of ADAMI1S5.
Thereafter, cells were left untreated (control) or stimulated with
poly(I:C), as indicated, in the absence of EDTA and EGTA, known
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FIGURESS. Suppression of ADAM15 enhances TLR3- and TLR4-mediated proinflammatory cytokine and chemokine induction. (A—P) U373-CD14 cells
were pretreated with control or ADAM15 esiRNAs. After 24 h, cells were stimulated with either 20 pg/ml poly(I:C) (A-H) or 1 pg/ml LPS (I-P) for an
additional 24 h. Thereafter, levels of IFN-, IL-12p70, and TNF-a were measured in the cell-free supernatants using the human proinflammatory multiplex
assay kit. Levels of RANTES and IFN-3 were measured using the human single-plex assay kit (Meso Scale Discovery). MMP-1, MMP-3, and MMP-9 were
measured using the human 3-plex meso kit (Meso Scale Discovery). Data are representative of three independent experiments performed in duplicate (mean *+ SE).

*p < 0.05, **p < 0.01, ***p < 0.001.

to partially inhibit the protease activity of ADAMIS (21). Over-
expression of ADAMIS facilitated the degradation of TRIF, but
not MyD88 (Fig. 8A, 8B). Notably, coexpression of TRIF with
catalytically active ADAMI15 (16) led to the degradation of TRIF
(Fig. 8A; compare TRIF expression in the absence and pres-
ence of ADAMI1S5). It has been reported that some ADAMs may
be cleaved and subsequently translocated to the nucleus (32,
33). Therefore, we investigated the subcellular distribution of
ADAMIS following stimulation of cells with poly(I:C). To this
end, ADAMI1S5 was overexpressed in HEK293-TLR3. Thereafter,
cells were stimulated with poly(I:C), and the subcellular locali-
zation of ADAM15 was investigated by confocal microscopy. To
avoid potential artifacts due to high levels of overexpression, the
amount of plasmid DNA transfected into the cells was maintained
at low levels (200 ng/well; six-well plate). We found that
ADAM15 was localized to both the plasma membrane and cytosol
and that stimulation with poly(I:C) for 40 or 90 min resulted in
a slight increase in the levels of ADAMIS in the cytosol, most
likely reflecting its transportation from the plasma membrane
to the nucleus (Supplemental Fig. 1). These data indicate that

ADAMI15 and TRIF may colocalize in the cytosol (32, 33). Fur-
thermore, to support the hypothesis that ADAMI15 mediates the
proteolytic cleavage of TRIF, ADAMI15 expression was sup-
pressed in U373-CD14 cells, followed by stimulation of cells with
poly(I:C). Increased levels of endogenous TRIF protein were
detected in cells following the suppression of ADAMI1S5 expres-
sion when compared with control cells and levels decreased upon
stimulation of cells with poly(I:C) (Fig. 7C).

Common targets/regulator network of ADAM15 and TRIF

To investigate whether ADAM15 and TRIF are involved in the
coregulation of similar proteins, share common molecular targets,
or are coinvolved in the progression of certain diseases, an in-
teraction map for common regulators/targets, diseases, and cellular
processes for TRIF and ADAM15 was generated using Pathway
Studio Software (Ariadne). Integration of the data demonstrated
that, whereas TRIF regulates IFN-y expression, ADAM15 indi-
rectly regulates IFN-y expression (Fig. 9). Also, whereas TNF-a
expression is directly regulated by both TRIF and ADAMIS,
MAPKI is indirectly regulated by both of these molecules.
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FIGURE 6. Suppression of ADAM15 enhances RV16- and VSV-mediated proinflammatory cytokine and chemokine induction. (A-F) U373-CD14 cells
were pretreated with control or ADAMI15 esiRNAs. After 24 h, cells were infected with either RV16 or VSV with noninfected cells serving as a control.
After 24 h, cells were collected and total RNA was isolated and used as template to measure levels of IFN-f, TNF-«, IL-6, RANTES, MMP-9, and MMP-
10 mRNAs with GAPDH serving as a housekeeping gene. (G-J) U373-CD14 cells were pretreated with control or ADAMI15 esiRNAs. After 24 h, cells
were infected with either RV16 or VSV. After 48 h, cell-free supernatants were collected, and levels of type I IFN were measured using HEK293-Blue IFN-
af. Levels of IL-6, TNF-a,, and RANTES were measured by ELISA. Data are representative of three independent experiments performed in duplicate

(mean * SE). *p < 0.05, **p < 0.01, ***p < 0.001.

Moreover, both TRIF and ADAM15 are involved in the regulation
of proinflammatory cytokines and cellular processes, such as the
inflammatory response, and diseases such as neoplasia and neu-
trophil infiltration. Interestingly, upregulation of ADAMI1S5 ex-
pression has previously been reported in cells treated with proin-
flammatory cytokines and in tissues of inflammatory diseases (34).
Overexpression of ADAMI15 has also been shown to increase
ERK1/2 activation in endothelial cells (35). Activation of TRIF
leads to proinflammatory cytokine induction, which is dependent
on NF-kB and MAPK activation (22). Moreover, it has been re-
ported that ADAM15 mRNA and protein levels are increased in
prostate cancer and during metastatic progression (36, 37).
ADAMI15 overexpression has also been reported to promote
neutrophil transendothelial migration by a mechanism involving
Src/ERK1/2 signaling (35). Interestingly, mice lacking TRIF fail
to suppress implanted B16 tumor growth in response to poly(I:C)
administration (38, 39). These data demonstrate that both
ADAMI15 and TRIF are involved in the coregulation of many
different signaling events and support the hypothesis that
ADAM15 modulates TRIF-dependent signaling.

Discussion

TRIF is the critical adaptor molecule that facilitates the activation
of TLR3, TLR4, and TLRS signaling pathways (40—42). Inter-
estingly, the TRIF signaling pathway is negatively regulated by
a number of molecules; however, in most cases, they do not target
TRIF specifically, but affect downstream components of the TRIF
pathway such as TBK1 or IRFs (4). For example, Src homology 2
domain containing protein tyrosine phosphatase 2 has been shown
to negatively regulate TLR3- and TLR4-mediated IFN- pro-

duction as well as proinflammatory cytokine production by
binding to the kinase domain of TBKI, thereby preventing its
activation (43). The fifth TLR adaptor, SARM, has also been
shown to negatively regulate the TRIF, but not the MyD88, sig-
naling pathway (44). Also, TRAM adaptor with GOLD domain
(TAG), a splice variant of TRAM, has been shown to inhibit LPS-
mediated IRF3 activation by displacing TRIF from TRAM (45).

Interestingly, virally encoded proteases have been shown to
directly target components of the innate immune system toward
the abolition of antiviral signaling. In fact, targeted proteolysis of
adaptor molecules, including TRIF, serves to suppress key antiviral
signaling pathways (46). For example, the hepatitis C virus serine
protease NS3-4A facilitates the proteolysis of TRIF (47) and thus
inhibits TLR3-mediated activation of NF-kB and IRF-3. Also, the
coxsackievirus B3 virally encoded protein, 3C"™, mediates TRIF
cleavage and thereby inhibits TRIF-mediated type I IFN and ap-
optotic signaling. Recently, the 3CD protease-polymerase from
hepatitis A virus was shown to disrupt TLR3-mediated activation
of IRF3 and IFN-f promoter activation by targeting TRIF for
degradation (48). Thus, it is clear that targeted degradation of
TRIF, certainly by viruses, serves as a strategy to curtail antiviral
immune signaling and as a more global mechanism to control
inflammatory responses to pathogens.

Given the critical role played by TRIF in innate immune sig-
naling and the strategic importance of TRIF as a molecular target
in the context of viral evasion strategies, we opted to explore the
pathways and molecules that are modulated by TRIF toward
further deciphering its fundamental role in innate immunity. To this
end, the TRIF interactome was characterized in response to TRIF-
mediated TLR3 and TLR4 ligands. In this study, to our knowl-
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edge, we demonstrate for the first time that TRIF interacts with
ADAMI15 in a TLR3 and TLR4 ligand-dependent manner. We
cannot preclude the possibility that ADAM1S may interact with
TRIF indirectly through intermediate proteins. Notably, the cy-
toplasmic domain of ADAMIS5 contains proline-rich regions that
facilitate its interaction with adaptor proteins such as GRB2 (49).
Also, both ADAM15 and TRIF have been shown to interact with
the p85 subunit of PI3K (13, 50). Whether auxiliary molecules are

required to facilitate the interaction of TRIF with ADAMIS
requires further investigation. Toward deciphering the functional
role of ADAM15 in TRIF signaling, we found that overexpression
of ADAM15 inhibited TRIF- mediated NF-kB and IFN-3 reporter
gene activity. Given that poly(I:C) may be sensed by the RIG-I-like
receptor (RLR), MDAS (8), we investigated whether ADAMI15
modulated MDAS5-mediated NF-«kB activity. We show that
ADAMI15 did not affect MDAS-mediated NF-kB reporter gene

A TRIF-HA +  TRIF-HA + B MyD88-cmyc+  MyDB8-cmyc+ FIGURE 8. ADAMIS5 mediates the degradation
BV PRI EV ADAMIS-V5 of TRIE. HEK293-TLR3 (A) and HEK293-TLR4
poly(tC) O 20 60 0 20 60 min PSS 0 0 20 60 min (B) cells were cotransfected with plasmids encod-
TRIF-HA —3 0 —— MyDEB-CMYC —b | ——_ ing TRIF or MyD88 and ADAMI15 or empty vector
(EV), as indicated. After 20 h, cells were stimulated
ADAMIS\S — : ~ roanisvs— | with 20 pg/ml poly(I:C) or 1 ug/ml LPS, as indi-
. . cated. Thereafter, cell lysates were harvested and

iades _.— Pl m—— — — : :
immunoblot analysis was performed to assess TRIF
C and MyD88 expression levels using anti-HA and
esi-Control esi-ADAM15 anti-myc, and B-actin served as a loading control.
TRF (@5 kDa) _’_ (C) U373-CD14 cells were transfected with

pcin —» E—

Qmnhjod y vz +
(o:hlod y yz+

ADAMI15 and control esiRNAs. After 24 h, cells
were stimulated with 20 pg/ml poly(I:C) for 24 h,
as indicated. Thereafter, cell lysates were subjected
to immunoblot analysis using a rabbit anti-TRIF
polyclonal Ab (Exalpha), and B-actin served as
a loading control. Results are representative of two
independent experiments.
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activity. Furthermore, we show that ADAM15 serves to negatively
regulate TLR3, TLR4, and TRIF-dependent, but not TLRO-
dependent, activation of the NF-kB and IFN-f3 reporter genes.
These findings demonstrate that the inhibitory activity of
ADAMI15 is dependent on the signaling pathway that is instigated.
Also, suppression of ADAM15 enhanced LPS-induced activation
of the delayed NF-kB response, mediated through TRIF. Fur-
thermore, suppression of ADAMI1S5 led to enhanced TLR3- and
TLR4-mediated production of proinflammatory cytokines and
chemokines. Several MMPs, including MMP-3 and MMP-9,
contain NF-kB and AP2 transcription factor binding sites within
their promoters, indicating that they may be induced during in-
flammatory episodes, and studies have shown that they may be
modulated by ADAMs (23, 51). Moreover, poly(I:C) and LPS
have been shown to induce MMP-1, MMP-3, MMP-10, and
MMP-13 expression in lung epithelial cells and chondrocytes (6,
52, 53). Thus, we explored the ability of ADAMI15 to modulate
TLR ligand-mediated MMP induction. It was found that sup-
pression of ADAMIS significantly enhanced poly(I:C)-induced
MMP-1, MMP-3, MMP-9, and MMP-10 levels. Also, whereas
LPS-mediated induction of MMP-1 and MMP-3 was enhanced
upon suppression of ADAMI15 expression, MMP-9 levels were
inhibited. These data indicate that although ADAMIS5 impairs
TLR3-mediated MMP induction, it is required for LPS-mediated
MMP-9 induction. The differential effects of ADAMIS in the
context of TLR3 and TLR4 signaling are supported by our
data showing that ADAMI1S drives MyD88-mediated NF-kB and
IFN- reporter gene activity and that impairment of LPS-mediated
early NF-«kB activation is evident upon suppression of ADAM15
expression. It has previously been reported that LPS induces

MMP-9 expression in macrophages through a reactive oxygen
species—p38 kinase-dependent pathway (54). Also, MMP-9 ex-
pression appears to be regulated by a number of different signaling
pathways in different cell types, for example, protein kinases,
MAPKSs, and transcription factors such as NF-kB, and AP-1 (51).
Thus, the differences in the comparative role played by ADAM15
in TLR3 and TLR4 signaling may reflect differences in the sig-
naling pathways that are instigated, for example, MyD8§88-
dependent versus MyD88-independent signaling. Interestingly,
we found that suppression of ADAM15 also enhanced RV16- and
VSV-induced cytokine/chemokine transcription and secretion
when compared with control cells. We also found that levels of
cytokine and chemokine mRNA and protein were enhanced fol-
lowing infection of ADAMI5 ™'~ MEFs with VSV when com-
pared with WT cells. As murine ADAM15 lacks the RGD domain,
these data suggest that the domain is dispensable in the context
of ADAMIS5 as a regulator of antiviral signaling. Given that
ADAMI15 exhibits protease activity, we explored the possibility
that ADAM15 may facilitate the proteolytic degradation of TRIF,
a known target for proteolysis. Our data demonstrate that TRIF,
but not MyDS8S8, is subject to proteolytic degradation by ADAM15.
We propose that ligand-mediated activation of TRIF signaling
enhances the association of TRIF with ADAMI1S, and, at later
time points, TRIF is degraded through an ADAMI15-dependent
mechanism leading to the negative regulation of TLR3- and
TLR4-mediated proinflammatory cytokine production. Regarding
the consensus sequence that is recognized by ADAM15, the target
peptides of ADAM1S5 on binding substrates currently remain un-
known (55). However, it is known that the cytoplasmic domain of
ADAMI15 contains proline-rich regions that facilitate its interac-
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tion with adaptor proteins such as GRB2 (49). Also, both
ADAMI15 and TRIF have been shown to interact with the p85
subunit of PI3K (13, 50). Whether auxiliary molecules are re-
quired to facilitate the interaction of TRIF with ADAM15 requires
further investigation. In conclusion, ADAMI1S5 facilitates the
proteolytic cleavage of TRIF and thus impairs TLR3- and TLR4-
dependent TRIF signaling events. We cannot preclude the possi-
bility that ADAM15 may activate other MMPs that may facilitate
the degradation of TRIF. Regarding the exact mechanism of TRIF
degradation, it has recently been demonstrated that, upon TLR3
activation, TRIF downregulation occurs through a lysosomal-
rather than a proteasomal- or caspase-mediated process (56). More
recently, it has been shown that TRIM38 targets TRIF for deg-
radation via a ubiquitin/proteosome pathway and subsequently
leads to the negative regulation of TLR3-mediated IFN-f3 pro-
duction (57). Thus, further studies are required to fully decipher
the mechanism(s) that facilitates the degradation of TRIF.

Despite the potentially important role that ADAMIS plays in
inflammation, cancer, and atherosclerosis, little is known about the
regulation of ADAM15 activity (14, 31). Regarding ADAM15 ex-
pression patterns, it is found to be expressed only in synoviocyte
lining layer in normal synovial tissue, and its expression is strongly
increased in the highly hyperplastic lining of individuals with
rheumatoid arthritis (14). It has also been speculated that, in rheu-
matoid arthritis, ADAM15 may degrade the extracellular matrix
directly through its metalloprotease activity or indirectly through
proteolytic activation of MMPs (14). Upregulation of ADAMIS5
expression during intestinal bowel disease has also been reported,
suggesting its involvement in intestinal inflammation (14). Whereas
most of the published data suggest that ADAMI1S is a mediator of
inflammation, it has also been proposed that ADAM15 may have
both a homeostatic and a pathological role depending on the cell
and context in which it is expressed (14). For example, ADAM15-
deficient mice present with accelerated development of osteoar-
thritic lesions compared with WT mice, suggesting that ADAM15
has a protective role in the maintenance of joint integrity (58). In this
study, we propose that, under normal physiological conditions,
ADAMIS5 serves to curtail TRIF-mediated signaling, thus curbing
the production of associated inflammatory mediators. Notably,
several splice variants of ADAM15 have been described and are
purported to be differentially expressed toward mediating func-
tionally disparate effects (12, 13). In this study, we have shown
that WT full-length ADAM15A binds to TRIF. However, the ability
of the other ADAMIS splice variants to bind TRIF and to modulate
TLR signaling remains to be investigated. In conclusion, to our
knowledge, this study shows for the first time that ADAM15 serves
to modulate TLR3 and TLR4 signaling events. More specifically,
ADAMI15 inhibits antiviral immune responses that are mediated
through the TLR adaptor, TRIF, and so ADAMI15 functions as
a negative regulator of TLR3 and TLR4 signaling by a mechanism
involving TRIF degradation.
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