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Apoptosis Induced by the Toll-Like Receptor Adaptor TRIF Is
Dependent on Its Receptor Interacting Protein Homotypic
Interaction Motif"

William J. Kaiser and Margaret K. Offermann?

TLRs detect specific molecular features of microorganisms and subsequently engage distinct signaling networks through the
differential use of Toll/IL-1R (TIR)-domain-containing adapter proteins. In this study, we investigated the control of apoptosis by
the TIR domain-containing adapter proteins MyD88, TIR-domain containing adapter protein (TIRAP), TIR-domain-containing
adapter-inducing IFN-B (TRIF), TRIF-related adapter molecule (TRAM), and sterile & motifs and B-catenin/armadillo repeats
(SARM). Upon overexpression, TRIF was the sole TIR-adapter to potently engage mammalian cell death signaling pathways.
TRIF-induced cell death required caspase activity initiated by the Fas/Apo-1-associated DD protein-caspase-8 axis and was
unaffected by inhibitors of the intrinsic apoptotic machinery. The proapoptotic potential of TRIF mapped to the C-terminal region
that was found to harbor a receptor interacting protein (RIP) homotypic interaction motif (RHIM). TRIF physically interacted
with the RHIM-containing proteins RIP1 and RIP3, and deletion and mutational analyses revealed that the RHIM in TRIF was
essential for TRIF-induced apoptosis and contributed to TRIF-induced NF-kB activation. The domain that was required for
induction of apoptosis could activate NF-«kB but not IFN regulatory factor-3, yet the activation of NF-«kB could be blocked by
superrepressor IkBa without blocking apoptosis. Thus, the ability of TRIF to induce apoptosis was not dependent on its ability
to activate either IFN regulatory factor-3 or NF-xB but was dependent on the presence of an intact RHIM. TRIF serves as an
adaptor for both TLR3 and TLR4, receptors that are activated by dsRNA and LPS, respectively. These molecular motifs are
encountered during viral and bacterial infection, and the apoptosis that occurs when TRIF is engaged represents an important

host defense to limit the spread of infection. The Journal of Immunology, 2005, 174: 4942—4952.

immune system that detect invariant molecular compo-

nents of bacteria, viruses, yeast, and fungi during patho-
gen invasion (1-3). The human genome encodes at least 10 TLRs
(4-9), and the pathogen-associated molecules recognized by some
TLRs have been identified such as peptidoglycan (TLR2) (10-12),
dsRNA (TLR3) (13), LPS (TLR4) (14-16), flagellin (TLRS) (17),
ssRNA (TLR7/8) (18-20), and unmethylated CpG DNA (TLR9)
(21). TLRs are characterized by an ectodomain composed of
leucine-rich repeats and a cytoplasmic signaling domain called a
Toll/IL-1R (TIR)*> domain, which upon receptor activation, re-
cruits one or more intracellular TIR domain-containing adapter
proteins. The four mammalian TLR-adapter proteins, MyD88, TIR
domain-containing adapter protein (TIRAP; MyD88 adapter-like

r I \ oll-like receptors are sentinels of the mammalian innate
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protein, Mal), TIR-domain-containing adapter-inducing IFN-f3
(TRIF; TIR-containing adapter molecule-1), and TRIF-related
adapter molecule (TRAM; TIR-containing adapter molecule-2/
TIR-containing protein), bridge TLR activation to distinct signal-
ing networks that regulate the host defense against infection (22—
30). A fifth mammalian intracellular TIR-domain containing
adapter was recently identified called sterile o motifs (SAM) and
B-catenin/armadillo repeats (SARM), and sequences similar to
SARM are also present in nematode, insect, and fish (31-35).
Though the function of SARM remains unidentified, the nematode
ortholog of SARM, TIR-1, is necessary for the cellular response to
fungal infection and signals independently of the single TLR ex-
pressed in Caenorhabditis elegans, suggesting a potential role for
SARM in innate immunity (36, 37).

MyD88 serves as an adapter for most members of the TLR and
IL-1R superfamily (38, 39). In addition to a TIR domain, MyD88
contains an N-terminal death domain (DD) that interacts with the
DD of the serine/threonine kinase IL-1R-associated kinase
(IRAK)4 to promote IRAK4 autophosphorylation and subsequent
phosphorylation of IRAK1 (40, 41). Phosphorylated IRAK1 binds
the adaptor TRAF6, ultimately leading to I«B kinase (IKK) com-
plex activation of NF-«B (42, 43). MyD88 functions indepen-
dently of other TIR-adapter proteins for signaling by most TLRs,
but it cooperates with a second adaptor protein, TIRAP, for re-
sponsiveness to activated TLR2 and TLR4 (44, 45). Both TLR3
and TLR4 can transduce signals independent of MyD88 through
the adaptor TRIF (46, 47). Most, if not all, signaling by TLR3
occurs through TRIF without involvement of MyD88, whereas
TLR4 can signal through either MyD88 or through TRIF. TRIF
functions independent of other adaptors when activated by TLR3,
whereas TLR4-induced signaling through TRIF occurs in cooper-
ation with a fourth TIR adapter protein called TRAM (23, 25, 27).
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TRIF is the TLR adaptor that characteristically induces IFN-3
transcription (22, 29, 47), a process that requires the coordinate
activation of both IFN regulatory factor (IRF)-3 and NF-«B (48).
The activation of IRF-3 is dependent on phosphorylation of spe-
cific serine residues by the two noncanonical IKKs, IKK-e and
TANK-binding kinase (TBK)1 (47, 49-52). Phosphorylated IRF-3
then translocates to the nucleus where it regulates the expression of
numerous host defense genes including type I IFNs (53-55). The
activation of NF-«B by TRIF involves direct binding of the adap-
tor TRAF6 that recruits the IKK complex (56, 57). The TRAF6
binding site is N-terminal to the TIR, whereas a distinct region that
is C-terminal to the TIR domain binds the kinase receptor inter-
acting protein (RIP)-1 and can activate NF-kB in the absence of
the TRAF6 binding domains (22, 56, 57).

Apoptosis is a host defense against pathogen invasion that can
be triggered by TLR ligands such as lipoproteins, dsSRNA, and LPS
(58-62). Apoptosis occurs through activation of members of the
caspase family of cysteine proteases (63). Protein-protein interac-
tions resulting from DD are often involved in caspase activation.
For example, the DD of Fas can complex with the DD of the
adaptor protein Fas/Apo-1-associated DD protein (FADD) that in
turn recruits caspase-8, leading to its activation (64). MyD88 is the
only TLR adaptor protein that has a DD. Although MyD88 can
bind FADD and activate caspase-8, overexpression of MyD88
does not generally induce high levels of apoptosis (60, 61).

In this study, we examined the proapoptotic potential of the five
human TIR domain-containing adapter proteins and show that
TRIF was the only one that efficiently induced apoptosis when
overexpressed in 293T cells. TRIF-induced apoptosis occurred
through activation of the FADD-caspase-8 axis and could proceed
without engagement of the intrinsic pathway. A RIP homotypic
interaction motif (RHIM) present in the C terminus of TRIF
formed complexes with both RIP1 and RIP3, and disruption of
these interactions by mutating the RHIM eliminated the ability of
TRIF to induce apoptosis. The domain that was required for in-
duction of apoptosis could activate NF-«B but not IRF-3, but its
ability to induce apoptosis was not directly linked to its ability to
activate NF-«B.

Materials and Methods

Cell culture and transfections

Human embryonic kidney 293T cells were maintained in DMEM contain-
ing 4.5 g/ml glucose, 10% FCS (Invitrogen Life Technologies), 2 mM
L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin (Invitrogen
Life Technologies). Transient transfections were performed using Lipo-
fectamine2000 according to the manufacturer’s protocol (Invitrogen Life
Technologies).

Expression vectors and mutagenesis

Plasmids that express MyD88, TIRAP, TRAM, TRIF, and SARM as C-ter-
minal FLAG epitope-tagged or enhanced GFP (EGFP) fusion proteins were
constructed in the plasmids p3XFLAGI4 (Sigma-Aldrich) and pEGFP-nl
(BD Biosciences Clontech). The open reading frames for MyD88, TRAM, and
TRIF were PCR amplified from IMAGE cDNA clones obtained from Amer-
ican Type Culture Collection, the SARM cDNA was obtained from Open
Biosystems, and TIRAP (3 isoform) was PCR amplified from HUVEC cDNA
(26). To generate a SARM expression vector, a 707-aa protein open reading
frame was PCR amplified from an IMAGE cDNA (accession number
BC040429). The TRIF ¢cDNA (accession number BC035331) contained a
frame-shift that was corrected by site-directed mutagenesis to restore the full-
length 712-aa open reading frame and was cloned into p3XFLAG14 and
pEGFP-nl and pcDNA3.1/myc/His (22, 46). Site-directed mutagenesis was
performed using the QuickChange XL Site-Directed Mutagenesis Kit (Strat-
agene) and confirmed by sequence analysis. A series of vectors that express
truncated forms of TRIF were generated by cloning PCR amplified sequences
into p3XFLAG14 or pEGFP-n1, except for the AB3 mutant that was generated
by deletion of sequence downstream of the PshAI site in TRIF. To mutate the
RHIM domain of TRIF, the amino acids VQLG, which correspond to residues
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687—-690 in full-length TRIF, were replaced with four alanines by site-directed
mutagenesis. Mutation of P434H was also achieved by site-directed
mutagenesis.

C-terminal V5 epitope-tagged expression vectors were generated for
multiple DD-containing proteins. Truncations containing DD of FADD (aa
96-208), RIP-associated ICH-1 homologous protein with death domain
(RAIDD) (aa 99-199), IRAKI (aa 1-211), IRAK?2 (aa 1-96), IRAK4 (aa
1-186), and MyD88 (aa 1-114) were PCR amplified from IMAGE cDNAs
or from HUVEC c¢DNA and then TOPO cloned into pcDNA3.1D/V5/His
(Invitrogen Life Technologies), except IRAK4 (1-186) which was cloned
into pcDNA3.1/myc/His. TNFR-associated DD protein (TRADD), Bax,
cellular FLIP, short isoform (cFLIP,), caspase-2, caspase-8-dominant neg-
ative (DN), and caspase-9-DN were all also TOPO cloned into
pcDNA3.1D/V5/His (Invitrogen Life Technologies). The plasmids used as
template for amplifying caspase-8-DN and caspase-9-DN were previously
described (65). TRADD and caspase-2 were PCR amplified from IMAGE
clones, and cFLIP_ and Bax were amplified from cDNA provided by S.-Y.
Sun (Winship Cancer Institute, Emory University, Atlanta, GA). Site-di-
rected mutagenesis was performed to change the active-site cysteine to
alanine in caspase-2 to generate a caspase-2-DN expression vector. All
constructs TOPO cloned into pcDNA3.1D/V5/His expressed C-terminal
V5-epitope tagged proteins except for Bax, which was cloned to retain a
stop codon.

Vectors that express N-terminal myc-tagged Bcl2, Bcl-X;, TBKI,
IRF-3, IRF-3-AN (aa 56-452), RIP1, RIP2, murine RIP3, and RIP4 were
generated by inserting into pcDNA3—6myc (N-terminal 6Xmyc tag) se-
quences amplified from human cDNA, except for RIP3 which was from
murine cDNA. RIP1 ¢cDNA was provided by L. R. Gooding (Department
of Microbiology, Emory University), and all others were IMAGE ex-
pressed sequence tags. RIP1, RIP2, murine RIP3, and RIP4 were also
cloned into p3XFLAG10 (N-terminal 3XFLAG tag). The RIP1 intermedi-
ate domain (RIP1-ID, aa 301- 488), was PCR amplified and cloned into the
expression vectors pcDNA3-6myc and p3XFLAGI10. A kinase dead
TBKI was generated by site-directed mutagenesis of the catalytic lysine 38
(K38) to alanine. The baculoviral caspase inhibitor, p35, from pUSE-p35
(Upstate), and the cowpox caspase inhibitor CrmA from plasmid provided
by L. R. Gooding (Department of Microbiology, Emory University) were
subcloned into the expression vector pcDNA3.1" (Invitrogen Life Tech-
nologies). Plasmid expressing a IkBa-super repressor (SR) (S32A/S36A)
was obtained from BD Biosciences Clontech.

Cell death assays

Cells were cotransfected with 250 ng of pEGFPn1 (BD Biosciences Clon-
tech) and 1.25 ug of the indicated expression vector(s). The concentration
of transfected DNA was balanced with the appropriately matched empty
vector. Twenty-four hours posttransfection, a minimum of 300 EGFP-pos-
itive 293T cells from three independent samples were scored as viable or
apoptotic based on cellular and nuclear morphology. The morphologic cri-
teria for apoptosis included fragmentation of DNA based on staining of
DNA with Hoescht 33258 (Molecular Probes). We have previously com-
pared these morphologic criteria of apoptosis to TUNEL and annexin stain-
ing and have found very similar results.

Western blot analysis

Cells were pelleted at 500 X g and then lysed at 4°C with agitation for 30
min in 20 mM Tris-HCI, pH 7.4, 150 mM NaCl, | mM Na,EDTA, | mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM B-gly-
cerophosphate, 1 mM Na;VO,, and protease inhibitor mixture (BD Phar-
mingen). For western blot analysis, cellular extracts or immunoprecipitates
were combined with 3X SDS loading buffer (187.5 mM Tris-HCI, pH 6.8,
6% SDS, 30% glycerol, 0.03% bromophenol blue, 125 mM DTT). Proteins
were resolved by SDS-PAGE using Criterion gels (BioRad), and then elec-
trotransferred to Immobilon-P membranes (Millipore). Nonspecific bind-
ing sites were blocked by incubating membranes in TBS containing 0.05%
Tween 20 and 5% (w/v) dry nonfat milk. Membranes were immunoblotted
with one of the following primary Abs: cleaved caspase-3 D175 (Cell
Signaling Technology), DFF45 (BD Pharmingen), c-Myc 9E10 (BD
Pharmingen), or FLAG M2 (Sigma-Aldrich). Anti-mouse Ig G-HRP (Bio-
Rad) or anti-rabbit IgG-HRP (BioRad) were used as secondary Abs, and
the immunoblots were visualized with the ECL system (Amersham
Bioscience).

Immunoprecipitations

293T cells were seeded on 60-mm dishes and transfected the following day
with 2.5 ug of DNA for each of the indicated constructs. To maintain cell
viability, cells were also cotransfected with 2.5 ug of plasmid encoding the
baculoviral caspase inhibitor p35. Twenty-four hours posttransfection,
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cells were washed with PBS and then lysed in 1 ml of lysis buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) con-
taining protease inhibitor mixture (Sigma-Aldrich) for 30 min with agita-
tion and then pelleted at 12,000 X g for 10 min. Ten percent of the soluble
fraction was combined with 3X SDS loading buffer and reserved for anal-
ysis of expressed proteins. The remainder of the soluble fraction was added
to 20 wl of anti-FLAG M2-Agarose Affinity Gel (Sigma-Aldrich) and in-
cubated on a roller shaker for 4—6 h at 4°C. The resin was washed five
times with 0.5 ml wash buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl).
After the final wash, the supernatant was removed with a 28-gauge insulin
syringe, and the proteins bound to the resin were eluted in 100 wl of elution
buffer (0.1 M glycine, pH 3.5) for 5 min at room temperature with agita-
tion. The resin was centrifuged for 15 s at 10,600 X g; the supernatant was
collected and then combined with 10 ul of 10X wash buffer (0.5 M Tris-
HCI, pH 7.4, 1.5 M NaCl). Immunoprecipitates were resolved by SDS-
PAGE and analyzed by Western Blot as described.

Luciferase assays

The ISG54 IRSE and NF-«B luciferase reporter plasmids were obtained
from Stratagene. To generate pGL3-IFN-f3, the sequence corresponding to
(=110 to +20) from —110IFN-B-CAT (48) was PCR amplified and cloned
into pGL3-Basic (Promega). pGL3-PRD(II), was cloned by inserting an-
nealed complimentary oligos encoding two tandem positive regulatory do-
main II (PRDII) sites from the IFN-B promoter into pGL3-Basic (49, 66).
pGL3-PRD(II-I)5 was cloned by inserting annealed complimentary oligos
encoding a total of five PRD(III-]) sites from the IFN-B promoter into
pGL3-Basic (49, 66). Twenty-four-well plates were seeded with 293T cells

A

TRAM

TRIF-INDUCED APOPTOSIS

and transfected 18-24 h later with 100 ng of the indicated firefly luciferase
reporter plasmid, 500 ng of the indicated experimental plasmid(s), and 2.5
ng of phRL-TK that encodes Renilla luciferase under the control of the
constitutively active herpes simplex thymidine kinase promoter (Promega).
The amount of total DNA transfected was balanced with the appropriately
matched empty vector backbone, and each experimental condition was
performed in triplicate. Firefly and Renilla luciferase activities were de-
termined using the Promega Dual Luciferase System, with firefly luciferase
activity normalized to Renilla luciferase activity.

Results

Differences in apoptosis induction by adapter molecules

A schematic of the domain architecture of the five TIR domain
containing adapter is shown in Fig. 1A. MyD88 is the only adaptor
that contains a DD. Both TRIF and SARM are considerably longer
than the other TIR domain containing adapter proteins. TRIF has
400 aa N-terminal to the TIR domain, but unlike the other four
adapter molecules that contain the TIR at their C terminus, its TIR
domain is flanked by a C-terminal extension. SARM is composed
of an N-terminal series of -catenin/armadillo motifs and two tan-
dem SAM before a C-terminal TIR domain (31, 37). TIRAP and
TRAM are the smallest of the five adapters and possess short N-
terminal extensions with no known homology to other protein
domains.
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FIGURE 1. Induction of apoptosis by TIR domain-containing adapter proteins. A, A schematic representation of the domain architecture of the five
TIR-adapter proteins is shown. The TIR domain is located at the C terminus of each adapter except TRIF where it more centrally located. MyD88 contains
an N-terminal DD. SARM contains a series of N terminus proximal armadillo repeats (ARM RPTs) and two tandem SAM adjacent to the TIR domain.
B, 293T cells were transfected in 12-well plates with 250 ng of pPEGFPn1, 250 ng of plasmid expressing a C-terminal 3XFLAG epitope-tagged TIR-adapter
protein, or 250 ng of empty vector (EV), p3XFLAG14-EV. Where indicated, cells were also transfected with 1 ug of a baculoviral p35 expression vector.
Plasmid DNA concentrations were balanced with pcDNA3.1". Twenty-four hours posttransfection, the percentages (mean + SD) of EGFP-positive cells
(n > 300) scored as apoptotic were calculated. C, Twenty-four hours after transfection of 293T cells with FLAG epitope-tagged TIR adapter protein
expression vectors, cell lysates were size-fractionated by SDS-PAGE and then immunoblotted with the Ab indicated at the left of each blot. Immunoreactive
proteins are labeled. A 30-s exposure is shown for the DFF45/35 and a 5-min exposure of the same immunoblot is shown for the 10-kDa DFF45/35 caspase
cleavage product (cp). D, 293T cell morphology 24 h posttransfection with empty vector (EV), TRIF, MyD88, or TRIF and baculoviral p35 (TRIF + p35).
E, The percentages of transfected cells undergoing apoptosis (mean *= SD) were determined 24 h after transfection with 250 ng of pEGFP-nl, 1 ug of the
empty vector pcDNA3.1%, and 250 ng of pcDNA3.1-TRIF-myc-His, pcDNA3.1D-Bax, pcDNA3.1D-TRADD-V5-His, or pcDNA3.1" empty vector.
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We transiently transfected 293T cells with FLAG epitope-
tagged versions of each of the five adapter molecules, and a GFP
expression vector was cotransfected with each TIR adaptor for the
identification of transfected cells. Analysis of GFP expression
demonstrated that the percentage of transfected cells was compa-
rable for all adaptors (data not shown). Twenty-four hours post-
transfection, we calculated the percentage of GFP-expressing cells
with an apoptotic morphology that was characterized by cell
shrinkage, membrane blebbing, and nuclear fragmentation. TRIF
induced apoptosis in the majority of transfected cells, but there was
no increase in cell death in response to the other four TIR adapters
(Fig. 1, B and D). Western blot analysis using Ab to the FLAG
epitope indicated that the level of expression of all of the adaptors
except TRAM was higher than the expression of TRIF, so that
their inability to induce apoptosis was not due to inadequate pro-
tein expression (Fig. 1C). Additional cell lines including HeLLa and
MCF-7 also responded to TRIF but not the other adaptors with an
increase in apoptosis after transfection of epitope tagged or un-
tagged constructs (data not shown).

We used a biochemical approach to confirm that TRIF-induced
cell death was due to apoptosis. Apoptosis involves a proteolytic
cascade that leads to the proteolytic activation of caspase-3, an
effector caspase that serves as a point of convergence of intrinsic
and extrinsic apoptotic pathways (67, 68). Activated caspase-3
then cleaves multiple cellular substrates, including the nuclease
inhibitors DFF45 and its isoform DFF35, generating characteristic
cleavage products (DFF45/35-_ ) indicative of apoptosis (69, 70).
The cleavage of DFF45/35 releases the nuclease that causes irre-
versible DNA fragmentation during apoptosis. Western blot anal-
ysis demonstrated that the cells that were transfected with TRIF
contained processed caspase-3 and cleaved DFF45/35, whereas
cells transfected with the other adaptors did not (Fig. 1C). This
indicates that the cell death induced by TRIF was due to apoptosis.
Furthermore, the cell death that resulted from TRIF could be pre-
vented by the broad-spectrum caspase inhibitor from baculovirus,
p35 (71). Expression of p35 prevented TRIF-induced activation of
caspase-3 and proteolysis of DFF45/35 (Fig. 1C), thereby restoring
cell viability to control levels (Fig. 1, B and D). The amount of cell
death resulting from TRIF was as high or higher than the amount
induced by TRADD or Bax (Fig. 1E), proapoptotic molecules that
activate extrinsic and intrinsic apoptotic pathways, respectively.
Thus, TRIF is unique among the TIR-adapters in being a potent
inducer of apoptosis.

TRIF-induces apoptosis through the FADD/caspase-8 axis

Proapoptotic signals first activate large prodomain caspases that
subsequently target effector caspases such as caspase-3. For ex-
ample, extrinsic death signals such as the cytokines Fas ligand or
TRAIL promote caspase-8 and caspase-10 activation, genotoxic
stress stimulates caspase-2, and apoptotic signals radiating from
mitochondria activate caspase-9 (72-76). To better define the
mechanism by which TRIF initiates caspase activation, we exam-
ined the ability of TRIF to induce apoptosis in the presence of DN
forms of the initiator caspases-2, -8, or -9, each containing an
inactivating mutation of the catalytic site. Of the three mutant
caspases tested, only caspase-8-DN suppressed TRIF-induced ap-
optosis (Fig. 24). cFLIP, and CrmA, which affect caspase-8 but
not caspase-9 activity (77, 78), also blocked TRIF-induced apo-
ptosis. In contrast, overexpression of the mitochondrial arbiters of
cell death, Bcl2 and Bcl-X; (79, 80), did not affect the level of
TRIF-induced cell death. Thus, apoptosis induced by TRIF over-
expression likely involves caspase-8 activation and does not re-
quire mitochondrial amplification of the death signal.

4945

AT
A3

100 100
80 80
2 B0 B & B0
2 g
g 2
| | B 404
= 40 l = 40
20 | ‘ 20 —
I
o
Q
-
o
bl
jus
[=)

mmg o oo oDm =333
T2EEERIRE $233z:3
heeR> T gIR8 8879
222° L 888888,
| | TRIF
TRIF

FIGURE 2. Identification of signaling pathways involved in TRIF-in-
duced apoptosis. 293T cells were cotransfected with an EGFP expression
vector, p3XFLAGI14-TRIF, or the empty vector p3XFLAG14, and the in-
dicated expression vector at a ratio of 1:1:4. All DNA concentrations were
balanced with the empty vector pcDNA3.1*. Twenty-four hours posttrans-
fection, the percentage of apoptosis was calculated by directly scoring
EGFP-positive cells (n > 300) as apoptotic based on cell morphology. Data
represent the mean * SD. EV, Empty vector.

Although TRIF lacks a DD, a DD-containing truncation of
IRAK1 (aa 1-211) can suppress TRIF-induced activation of
NF-«B (29), suggesting that DD-containing proteins might func-
tion downstream of TRIF. DD-containing truncations of MyDS§8,
IRAK-1, IRAK-2, and IRAK-4 had no effect on TRIF-induced
apoptosis (Fig. 2B) indicating that these DD-containing proteins
involved in TLR-signaling do not relay proapoptotic signals from
TRIF to caspase-8. The adapter protein RAIDD links caspase-2 to
the DD-containing protein Pidd (75). Consistent with the inability
of caspase-2-DN to block TRIF-induced apoptosis (Fig. 2A), the
DD of RAIDD also failed to block apoptosis induced by TRIF
(Fig. 2B). The only DD tested that blocked TRIF-induced apopto-
sis was the DD of FADD. FADD contains both a DD and a death
effector domain (DED) and couples the ligation of death receptors
to caspase-8 or -10 (81). This occurs through DD-DD interactions
with either death receptors (e.g., Fas) or adapters (e.g., TRADD)
and DED-DED interactions with caspase-8 or -10. Overexpression
of a FADD-DD truncation, which contained the DD and lacked the
DED domain, suppressed TRIF-induced apoptosis. This provides
additional evidence that TRIF-induced apoptosis occurs through
activation of the extrinsic apoptotic pathway, as indicated by the
inhibition that occurred with caspase-8-DN, c-FLIPs and CrmA.

TIR-adapter proteins differ in their ability to transactivate
NF-kB and IRF-dependent reporter constructs

Distinct gene expression profiles are activated by different TLRs,
in part through the differential use of TIR-adapter proteins. Be-
cause differences in gene induction may account for the different
levels of apoptosis by the TIR-adapter proteins, we compared the
ability of the adapters to activate NF-«B and/or IRF-dependent
reporter gene expression. We used two different NF-«kB-dependent
reporter genes: one containing two tandem copies of the PRDII
element from the IFN-B promoter (labeled PRD II) (82) and the
other containing five kB sites from the Ig « L chain (labeled NF-
kB). TRIF, MyD88, TIRAP, and TRAM activated NF-kB reporter
gene expression, but the magnitude of the induction differed be-
tween the different adaptors (Fig. 3, A and B). SARM was the only
TIR adaptor that did not induce an increase in NF-«kB-dependent
reporter activity. TIRAP induced less than half of the NF-kB re-
porter activity induced by either MyD88 or TRIF, and the induc-
tion by TRAM was only ~10% of the activity resulting from either
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MyD88 or TRIF. MyD88 induced higher levels of the k L chain-
derived NF-«B reporter than TRIF, whereas TRIF induced higher
levels of the PRD II NF-«B reporter than did MyD88, but the
differences in efficacy were relatively minor. In addition, both NF-
kB-dependent reporters yielded a similar pattern of activation by
the other TIR domain-containing proteins. We thus used only the
k-chain derived NF-«B reporter for subsequent studies.

More striking differences were observed when we tested the
ability of the TIR-containing adapter proteins to transactivate IRF-
dependent reporter gene expression. TRIF induced an 1800-fold
increase in reporter expression using a reporter that contained five
copies of the IFN-stimulated response element (ISRE) from the
gene encoding ISG54 (ISG54 ISRE) (Fig. 3C). Induction by TI-
RAP, MyD88, and TRAM ranged between 5- and 10-fold above
baseline levels, whereas there was no increase above baseline in
response to SARM. IRF-3 binds adjacent PRDIII and PRDI sites
in the IFN-S promoter (48), and a reporter gene containing five
PRDIII-I sites (PRDIII-I) was stimulated >25-fold above basal
levels by TRIF and slightly <5-fold by TRAM (Fig. 3D). The
other adapter molecules did not significantly stimulate PRDIII-I
reporter gene expression. Although the magnitude of the induction
differed, the patterns of induction of the ISG54 ISRE and PRD III-I
reporters were similar with the different adaptors. Thus, subse-
quent studies used the ISG54 ISRE to assess IRF-dependent tran-
scriptional responses.

IFN-B induction involves the coordinate activation of both
IRF-3 and NF-«B transcription factors (48). TRIF was the only
adapter that induced high levels of activity from a reporter driven
by the IFN-S promoter (Fig. 3E). This was expected because TRIF
strongly activated both IRF-3 and NF-«B-dependent reporters.
TRAM stimulated a several-fold increase in IFN-f3 reporter activ-
ity; however, compared with TRIF, this level of induction was
minor. None of the other adapter molecules induced IFN-f3 re-
porter gene expression.

The C terminus of TRIF is responsible for induction of
apoptosis through a mechanism that is not dependent on
TRIF-induced activation of NF-«kB or IRF-3

To map the proapoptotic region(s) of TRIF and determine whether
apoptosis was linked to the transcriptional responses induced by
TRIF, we generated a series of constructs that expressed trunca-
tions and/or mutants of TRIF (Fig. 4A). Each of these expression
vectors contained a FLAG tag at the C terminus, and expression of

each of these was confirmed by western blot analysis (data not
shown). The expression vectors could be broadly classified as
those that contained deletions or mutations that affected the TIR,
deletion of sequences that were N-terminal to TIR or deletion of
sequences that were C-terminal to TIR. The TIR-domain is im-
portant for TRIF-binding to TLR3 and TLR4 and binds the tran-
scription factor IRF-3 (22, 56, 83, 84). The binding of TRAF6
occurs at a site that is N-terminal to TIR (56), whereas RIP-1 binds
to sequences that are C-terminal to TIR (83, 85). We compared the
ability of each construct to induce transcription of either the
NF-kB or ISRE reporter and to induce apoptosis to identify do-
mains associated with each of these functions. The majority of
constructs induced at least one of these functions, whereas those
that failed to induce any of these responses functioned as trans-
dominant negatives. Thus, functional studies confirmed expression
of each of the vectors, and their relative activities in the three
different assays were used to define domains involved in the dis-
tinct responses.

Sequences in the TIR were more important for ISRE activation
than for NF-«kB activation or for induction of apoptosis (Fig. 4).
The TIR domain in isolation did not induce apoptosis or activate
NF-kB or ISRE reporters, whereas mutation of the TIR within full
length TRIF (TRIF-FL/M) reduced ISRE activation by 40% with-
out affecting NF-«B activation or apoptosis (Fig. 4B). The domain
required for apoptosis was located C-terminal to the TIR. A C-
terminal fragment (TRIF-C) lacking the TIR was sufficient to ac-
tivate NF-«B and induce apoptosis, but it did not activate ISRE.
The levels of NF-kB activation resulting from TRIF-C was at
116% the level of TRIF-FL, and apoptosis was at 60% of the level
induced by TRIF-FL. When the C-terminal 67 aa of TRIF were
deleted (TRIF AC2), increased apoptosis no longer occurred,
whereas there continued to be some activation of both NF-«B and
ISRE reporters. Thus, the NF-«kB-dependent reporter could be ac-
tivated by two distinct portion of TRIF: the C-terminal fragment
(TRIF-C) and a construct lacking the C-terminal fragment (TRIF
AC2). The ISRE reporter was most effectively activated by TRIF
constructs containing the TIR and sequences N-terminal to the TIR
(FL, AC, and AC2). When TRIF sequences N-terminal to TIR
were deleted but the TIR and the C terminus were intact (TRIF
AN), there was a 75% reduction in ISG54 ISRE reporter activity
and a 20% reduction in NF-kB-dependent reporter activity, but it
continued to induce apoptosis. When a single amino acid was mu-
tated in the TIR of the construct lacking sequences N-terminal to
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FIGURE 4. Mapping the regions of TRIF necessary for apoptosis induction. A, A schematic representation is shown of a series of constructs that express
truncated forms of TRIF. All TRIF truncations are C-terminally 3XFLAG epitope-tagged. The amino acids of TRIF encoded by an expression vector are
listed in the table on the left and are represented schematically with a shaded box noting the position of the TIR domain. The horizontal line indicates
portions that were deleted from the TRIF. The truncations TRIF/M, AN/M, and AC/M contain the point mutation P434H in the TIR domain that is noted
schematically by a solid vertical line in the shaded (TIR domain) box. The table on the right summarizes the ability of the various constructs to induce
apoptosis, activate the NF-«kB reporter, and or activate the ISG54 ISRE reporter based on the data shown in B. B, For assessment of transcriptional activity,
293T cells were transfected with 100 ng of the indicated TRIF expression vector or empty vector, 100 ng of either the NF-«B or ISG54 ISRE luciferase
reporter vector, and 5 ng of the Renilla luciferase expression plasmid phRL-TK. Transcriptional activity that was standardized to TK was determined in
triplicate for each condition. For determination of apoptosis, 293T cells were cotransfected with 250 ng of the indicated expression vector and 250 ng of
an EGFP expression vector, and the percentages of EGFP-positive cells scored as apoptotic were determined 24 h posttransfection. The level of tran-
scriptional activity and of apoptosis for each of the truncations and/or mutant constructs was compared with the level of activity generated by TRIF-FL
and is plotted. C, The role of IRF-3 in TRIF-induced apoptosis was assessed by cotransfecting 250 ng of TRIF, 250 ng of EGFP expression vector, and
1 pg of plasmid encoding either TRIFAC/M, IRF-3(AN), TBK1-K38A, or empty vector. The percentages of EGFP-positive cells scored as apoptotic were
determined 24 h posttransfection. The disruption of ISG54 ISRE transcriptional activity was assessed by cotransfecting 400 ng of plasmid encoding either
TRIFAC/M, IRF-3(AN), TBK1-K38A, or empty vector along with 100 ng of TRIF, 100 ng of ISG54 ISRE luciferase reporter, and 5 ng of the Renilla
luciferase expression plasmid phRL-TK. D, The role of NF-kB in the ability of TRIF-C to induce apoptosis was assessed by cotransfecting IkBa-SR with
TRIF-C using a protocol analogous to that described in C, using the NF-kB-luciferase reporter to demonstrate efficacy of the IkBa -SR at blocking NF-«B
activation by comparing percent activation to that seen with TRIF-C alone.

TIR (TRIF AN/M), its ability to transactivate ISRE was com- caused a relatively minor reduction in transactivation of the ISRE
pletely lost, whereas NF-kB activation was enhanced and apopto- reporter. Both TRIF AC and TRIF AC2 activated ISG54-ISRE at
sis continued to occur. Deletion of sequences in the C terminus 60-95% of the level of full length TRIF and NF-«B at ~50-60%
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FIGURE 5. The role of the RHIM in TRIF-induced apoptosis. A, Se-
quence alignment of the RHIM present in TRIF, RIP, and RIP3 from hu-
man (Hs), mouse (Mm), and zebra fish (Dr) is shown. The RHIM align-
ment was shaded with the BLOSUM62 matrix at a 66% identity threshold.
The number adjacent to each sequence in the alignment indicates the po-
sition of the amino acids shown within the full-length protein. To disrupt
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the level of the full length TRIF as long as the TIR was intact, but
mutation of the TIR in a construct lacking the C terminus (TRIF
AC/M) eliminated its transcriptional ability for both NF-«B and
ISG54-ISRE.

Cotransfection of expression vectors that disrupted IRF-3 acti-
vation provided additional data that TRIF-induced apoptosis was
not linked to IRF-3 activation. TRIF AC/M, which lacked the res-
idues C-terminal to the TIR and contained a mutation in the TIR-
domain, functioned as a DN to block TRIF-induced activation of
ISG54 ISRE reporter without disrupting TRIF-induced apoptosis
(Fig. 4C). Similarly, IRF-3 AN, which lacked the transactivation
domain of IRF-3, and TBK-1-kinase dead (TBK-1-KD), which
prevented the phosphorylation of IRF-3, both blocked TRIF-in-
duced transaction of the ISG54 ISRE reporter without affecting
TRIF-induced apoptosis. Thus, multiple mechanisms for disrupt-
ing IRF-3 activation did not prevent TRIF-induced apoptosis.

The portion of TRIF that was required for apoptosis could ac-
tivate NF-kB (e.g., TRIF-C), but a distinct portion of TRIF also
activated NF-kB without inducing apoptosis (e.g., TRIF AC) (Fig.
4B). This suggested that the induction of apoptosis by TRIF was
not dependent on the ability of the proapoptotic fragment to acti-
vate NF-«B. When NF-«B activation was prevented by coexpress-
ing SR IkBa (IkBa-SR), NF-«kB activation by TRIF-C was fully
blocked, but apoptosis was not affected (Fig. 4D). Thus, the ability
of TRIF and its truncations to induce apoptosis could be dissoci-
ated from the activation of NF-«B.

TRIF contains a RHIM

The C terminus of TRIF that was sufficient to activate NF-«B and
was necessary to induce apoptosis possessed sequence similarity to
the RHIM previously identified in the kinases RIP1 and RIP3 (86).
Alignment of human, mouse, and zebrafish homologues of TRIF,
RIP1 and RIP3 supports the presence of a RHIM at the C terminus
of TRIF that is conserved in vertebrates (Fig. 5A). To investigate
the role of the RHIM in TRIF-induced apoptosis and NF-«B ac-
tivation, we disrupted the RHIM domain by replacing the con-
served residues VQLG (aa 687—690) with four alanines. All of the
TRIF constructs with wild-type RHIM were proapoptotic, whereas
mutation of the RHIM in the TRIF constructs eliminated the ability
of TRIF to induce apoptosis (Fig. 5B). Mutation of the RHIM in
TRIF-FL reduced NF-«kB activation by 50% without reducing the
magnitude of induction of the ISG54 ISRE or IFN-f reporters
(Fig. 5C). When the TRAF 6 binding sites were absent, an intact
RHIM was required for NF-kB activation (e.g., TRIF(AN) and
TRIF(C) (Fig. 5C)). Thus, the RHIM in TRIF contributes to both
NF-kB activation and apoptotic signaling pathways but is not im-
portant for IRF-dependent gene expression. The RHIM nonethe-
less contributed to IRF-dependent transactivation when sequences

the RHIM in TRIF, the residues 687—690 TRIF were mutated to alanine
and are noted by the position of the “AAAA” below the aligned sequences.
TRIF constructs are represented schematically with a box indicating the
C-terminal position of the RHIM in TRIF. B, 293T cells were cotransfected
with 1.25 ug of either empty vector or the indicated TRIF-expression vec-
tor containing either wild-type or mutant RHIM and 250 ng of an EGFP
expression vector. The percentage of EGFP-positive cells that were apo-
ptotic were determined 24 h posttransfection. C, 293T cells were trans-
fected with 100 ng of either empty vector or the indicated TRIF plasmid
containing either wild-type or mutant RHIM and with 100 ng of the indi-
cated luciferase reporter plasmid and 5 ng of the humanized TK Renilla
luciferase reporter. Luciferase activity was measured 24 h posttransfection,
normalized to Renilla luciferase activity, and then compared with the re-
porter activity present in empty vector-transfected cells. Data are reported
as the mean relative stimulation = SD (n = 3) from a representative
experiment.
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FIGURE 6. Association of RIP1 and RIP3 with TRIF. A, 293T cells
were cotransfected with expression vectors for Myc epitope-tagged RIP 1,
2, or 3 and 3XFLAG epitope-tagged TRIF. Plasmid expressing baculoviral
p35 was also cotransfected to maintain cell viability until cells were har-
vested 24 h posttransfection. Cellular lysates were immunoprecipitated (IP)
with anti-FLAG M2 beads and analyzed by immunoblot with anti-Myc Ab.
Immunoblot analysis of total cell lysate confirmed the expression Myc- and
FLAG-tagged proteins. B, Cells were cotransfected with 250 ng of an
EGFP expression vector and 250 ng of empty vector or vector encoding the
indicted protein with either wild-type or mutant RHIM. The percentage of
EGFP-positive cells that were apoptotic was determined 24 h
posttransfection.

N-terminal to the TIR were lacking. The low levels of transacti-
vation of ISG54 ISRE and IFN-f reporters that occurred with
TRIF(AN) were abolished by mutation of the RHIM in TRIF(AN).

The activation of apoptosis by TRIF is dependent on an intact
RHIM and is not dependent on activation of NF-kB

The RHIM that is found in both RIP1 and RIP3 is essential for
heterodimerization of these proteins, whereas the related serine-
threonine kinases RIP2 and RIP4 lack RHIMs. The presence of a
RHIM in TRIF suggested a physical association between TRIF and
RIP1 and/or RIP3 but not the RIPs lacking a RHIM, and this was
confirmed using cells that were cotransfected with FLAG-tagged
TRIF and myc-tagged RIP1, 2, or 3. Immunoprecipitation demon-
strated that FLAG-TRIF coprecipitated the RIP1 and RIP3 but not
with RIP2 (Fig. 6A).

Transfection studies compared the ability of TRIF and the RIPs
to induce apoptosis. Transfection of either TRIF or RIP1 induced
apoptosis in >60% of transfected cells, whereas RIP3 induced
apoptosis in ~40% of cells (Fig. 6B). In comparison, overexpres-
sion of RIP2 and RIP4 had little or no effect on apoptosis com-
pared with empty vector. When the RHIM of either TRIF or RIP-3
was mutated, enhanced apoptosis no longer occurred, whereas mu-
tation of the RHIM of RIP-1 had no effect on its ability to induce
apoptosis. This suggests that the ability of TRIF and RIP-3 to form
complexes through their RHIMs was important for the induction of
apoptosis, whereas RIP-1 could induce apoptosis without forming
RHIM-dependent complexes.

Discussion

Of the five TIR-containing adaptors, TRIF was the only one that
induced apoptosis in a high percentage of 293T cells when ex-
pressed by transfection. TRIF was also the only adaptor molecule
that induced high levels of IRF-dependent transcriptional activa-
tion, whereas all of the adaptors except SARM eftectively acti-
vated NF-«B responsive reporters. TRIF-induced cell death could
be reversed when activation of caspase-3 was blocked with p35,
demonstrating that cell death was due to apoptosis. The apoptosis
induced by TRIF occurred primarily through the extrinsic apopto-
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tic pathway, and the intrinsic pathway was not required. This was
shown by the inhibition of TRIF-induced apoptosis by antagonists
of the extrinsic apoptotic pathway such as FADD-DD and a cat-
alytically inactive caspase-8, whereas inhibitors of the intrinsic
pathway had no effect.

Although activation of IRF-3 can contribute to apoptosis in
some cells (87), it was not involved in TRIF-induced apoptosis.
Deletion of the N-terminal region of TRIF inhibited transactivation
of IRF-dependent reports without inhibiting TRIF-induced apopto-
sis. In addition, dominant-negative forms of IRF-3 and TBK1 re-
duced TRIF-induced transactivation of IRF-dependent reporter
constructs but had no effect on TRIF-induced apoptosis. Trunca-
tions of TRIF that were unable to activate IRF-dependent reporters
were nearly as effective as full length TRIF at inducing apoptosis.
Conversely, high levels of activation of IRF-dependent reporters
occurred when the C-terminal fragment of TRIF that induced ap-
optosis was deleted. Activation of IRF-dependent reporters by
TRIF was dependent on sequences within the TIR, but the TIR was
not important for induction of apoptosis. A single amino acid
change within the TIR of TRIF-FL was sufficient to eliminate
>40% of TRIF-induced activation of IRF-dependent reporters
without inhibiting NF-kB activation or apoptosis. The importance
of the TIR in IRF-dependent activation probably reflects the role of
the TIR in the binding of IRF-3 and IRF-7 to TRIF (83). Sequences
N-terminal to TIR were also important in IRF-reporter activation
and are thought to contain the binding sites for TBK1 and IKKe,
proteins that are critical for the activation of IRF-3 (49, 50, 57, 83).
Surprisingly, low levels of activation of IRF-3-dependent reporters
occurred when sequences N-terminal to the TIR were absent as
long as the TIR and C-terminal sequences were intact.

Induction of apoptosis by TRIF could also be dissociated from
the activation of NF-«kB. Two nonoverlapping portions of TRIF
were capable of activating NF-kB: the N-terminal region that con-
tained TRAF-6 binding sites (56, 57) and the C-terminal fragment
that contained the RHIM. The domain of TRIF that was required
for inducing apoptosis was localized to the RHIM found in the C
terminus. NF-«B activation occurred at ~50% of the level of wild-
type TRIF when the RHIM was either mutated or deleted as long
as the TIR and sequences N-terminal to the TIR were intact, but
mutation or deletion of the RHIM fully blocked any increase in
apoptosis. When the RHIM of TRIF was intact, IkBa-SR fully
blocked NF-«B activation without preventing apoptosis, indicating
that activation of NF-«kB was not required for TRIF-induced apo-
ptosis. We did not see any activation of NF-«B by the N-terminal
fragment unless the TIR was intact even though binding of TRAF6
to TRIF occurs at aa 250-255 and does not require the TIR (57).
The C-terminal domain of TRIF activated NF-kB when the TIR
and TRAF 6 binding sites were absent as long as the RHIM was
intact. The involvement of both TRAF6 and RIP1 in TRIF-induced
activation of NF-«B resembles the TNFR1 that uses the TRAF2
and RIP1 for the recruitment and activation of the IKK complex
(88).

Mutation of the RHIM in TRIF eliminated TRIF-induced apo-
ptosis and eliminated complex formation with RIP1 and RIP3,
suggesting that the physical association between TRIF and one or
both of these serine/threonine kinases was important in the induc-
tion of apoptosis. RIP-1, but not RIP-3, contains a DD that can
complex with FADD and activate the extrinsic apoptotic pathway
(89, 90). This process is more likely to occur when high levels of
RIP-1 are expressed by transfection than in response to the con-
stitutive levels of RIP-1 that contribute to NF-«B activation but are
not associated with excessive apoptosis. The ability of DD-con-
taining proteins to induce apoptosis is affected by protein confor-
mation and by the relative affinity for FADD compared with other
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DD-containing proteins. The DD-containing protein MyD88 can
complex with FADD (60), but it did not induce apoptosis when it
was expressed at levels that were as high as TRIF, indicating that
the mere presence of a DD was not sufficient to induce apoptosis.
Furthermore, the DD of FADD blocked TRIF-induced apoptosis,
whereas the DDs of IRAKs or RAIDD had no effect, providing
evidence for a specific interaction with the DD of FADD in TRIF-
induced apoptosis. Mutation of the RHIM of either TRIF or RIP3
eliminated their ability to induce apoptosis, indicating that TRIF
and RIP-3 needed to associate with other proteins through their
RHIMs to induce apoptosis, whereas transfected RIP1 induced ap-
optosis without associating with RHIM-containing proteins. RIP-1
binds to and activates the IKK complex (88, 91), leading to NF-«B
activation, whereas RIP-3 suppresses the ability of RIP-1 to acti-
vate NF-kB and enhances apoptosis (86). RIP-1 is important for
NF-kB activation by both TNF-« and by TRIF because cells that
are null for RIP-1 do not undergo NF-«B activation in response to
TNF-a and have a markedly attenuated response to TRIF (85, 91).
Although inhibition of NF-kB activation can often sensitize cells
to proapoptotic stimuli (91, 92), the amount of apoptosis that oc-
curred in response to TRIF was similar when NF-«kB activation
was intact and when NF-«B activation was inhibited by IkBa-SR.
Complex formation with TRIF is not a static process, with some
complexes dissociating as others form (56, 93). Thus, early acti-
vation of NF-«B that is dependent on RIP-1 might be followed by
apoptosis when NF-«kB activation is no longer occurring. Neither
TRIF nor RIP3 have a DD, yet our studies provide evidence that
recruitment of FADD through its DD is important for TRIF-in-
duced apoptosis. The RHIM in TRIF can bind to the RHIM in
either RIP1 or RIP3. In addition, the RHIMs in RIP1 and RIP3 can
also bind to each other (86, 94). This raises the possibility that
TRIF-induced apoptosis occurs when all three proteins are com-
plexed, with RIP3 blocking RIP1-induced NF-«B activation and
the DD of RIP1 recruiting FADD and activating the extrinsic ap-
optotic pathway. Further studies are required to determine whether
this or a distinct mechanism leads to activation of the extrinsic
apoptotic pathway by a process that is dependent on the RHIM
of TRIF.

TLR3 and TLR4 use TRIF as an adaptor molecule to transmit
changes induced by dsRNA and LPS, molecular motifs encoun-
tered during viral infection and Gram-negative sepsis, respectively
(95-99). We demonstrate that the apoptosis induced by TRIF is
dependent on an intact RHIM in TRIF and occurs through a mech-
anism that is not dependent on the activation of either IRF-3 or
NF-kB. The expression of type I IFN and other cytokines from
TRIF-induced activation of NF-«B and IRF-3 should induce
changes in surrounding cells that could enhance both innate and
acquired responses to the infectious agents. In addition, the apo-
ptosis resulting from TRIF could help limit the spread of infection.
The induction of apoptosis would be especially beneficial in the
control of viral infection because apoptosis could prevent the pro-
duction of progeny virus, a process that is dependent on use of
cellular machinery.
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