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Toll-like receptor-mediated NF-kB activation is a major innate im-
mune reaction of vascular endothelial cells (ECs) in response to proox-
idative and proinflammatory stimuli. We identified that TNF-«a
receptor-associated factor-interacting protein with a forkhead-associ-
ated domain (TIFA) is a regulator of priming (signal 1) and activating
(signal 2) signals of nucleotide oligomerization domain-like receptor
family pyrin domain-containing protein 3 (NLRP3) inflammasome in
ECs. Oxidative and inflammatory stresses such as atheroprone flow
and hyperlipidemia induce and activate TIFA in vitro and in vivo. For
the priming of signal 1, sterol regulatory element-binding protein
2 transactivates TIFA, which in turn induces NF-xB activation and
augments the transcription of NLRP3 inflammasome components.
For the activation of signal 2, Akt is involved in TIFA Thr9 phosphor-
ylation, which is essential for TIFA-TIFA homophilic oligomerization.
Thr9 phosphorylation-dependent TIFA oligomerization facilitates the
higher-order assembly of NLRP3 inflammasome, as indicated by the
interaction between TIFA and caspase-1 in the activated ECs. Our
results suggest that TIFA is a crucial mediator in the endothelial innate
immune response by potentiating and amplifying NLRP3 inflamma-
some via augmenting signals 1 and 2.

endothelial cells | inflammasome | innate immunity | NLRP3 | TIFA

athogen-associated molecular patterns (PAMPs), such as
LPS or viral DNA, activate NF-kB in macrophages to induce
the expression of the inflammasome components and pro-IL-1p/pro-
IL-18. Although these events are involved in the signal 1 priming step,
a second signal (i.e., signal 2) triggered by danger-associated molec-
ular patterns (DAMPs), is required for the assembly of inflamma-
some complex and the consequent activation (1-4). The induction of
nucleotide oligomerization domain-like receptor family pyrin do-
main-containing protein 3 (NLRP3) inflammasome with the end-
product of mature IL-1p or IL-18 causes aberrant lipid metabolism,
unbalanced redox state, and enhanced innate immune response (2,
5). With DAMP-associated reactive oxygen species (ROS) triggering
signal 2, an imbalanced redox state can enhance innate immunity in
monocytes/macrophages (6). In contrast to the well-defined signals 1
and 2 in macrophages, little is known about the two-step mechanism
of inflammasome activation in vascular endothelial cells (ECs).
TNF-o receptor-associated factor (TRAF)-interacting protein with
a forkhead-associated (FHA) domain (TIFA) interacts with TRAF2
and TRAF6 through its FHA domain (7, 8). In vitro experiments
showed that TIFA promotes oligomerization and ubiquitination of
TRAF®6, thereby activating IxB kinase (IKK) (9). Furthermore, ec-
topic expression of TIFA activates NF-kB and AP-1 in HEK293T
cells (7, 10). TIFA exists as an intrinsic dimer, which becomes
phosphorylated at Thr9 upon TNF-a treatment (10). TIFA phos-
phoThr9 (pT9) can bind to the FHA domain of an adjacent TIFA
dimer. The crystal structure of TIFA indicates that the pT9-FHA
interaction can occur only between different sets of dimers. Such
homophilic TIFA interaction leads to the formation of the higher-
order TIFA oligomer (11). This mode of TIFA oligomerization is
required for TIFA interaction with TRAF6 and the ensuing activa-
tion of NF-xB (10, 11). By using a genome-wide RNA interference
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screening, Gaudet et al. recently showed that the pT9-FHA in-
teraction is also essential for the innate immune response in the host
induced by heptose-1,7-bisphosphate, a PAMP derived from Gram-
negative bacteria (12). Although TIFA has emerged as a key player
in innate immunity, the mechanism by which TIFA enhances
inflammasome remains unclear.

Sterol regulatory element (SRE)-binding protein 2 (SREBP2) is a
key transcription factor (TF) that regulates cholesterol biosynthesis
(13). We and others have shown that a variety of stimuli that elicit
cellular oxidative stress, such as oxidized phospholipids, angiotensin
II, and oxidized LDL (oxLDL), promote the N-terminal cleavage
and activation of SREBP2 [i.e., SREBP2(N)] in ECs (14, 15). As a
result, SREBP2(N) transactivates NLRP3 (14). Regarding disease
onset, EC-specific overexpression of SREBP2(N) in mice induces
NLRP3 inflammasome to contribute to atherosclerosis (14). In-
terestingly, cross-talk between the Toll-like receptor (TLR) 4-
MyD88-NF-kB pathway and SREBP2 can facilitate the formation
of foam cells from macrophages (15). Collectively, our previous
work and that from others suggest that SREBP2 plays a central role
in the innate immune response in ECs and macrophages.

Oxidative stress (i.e., oxXLDL and atheroprone flow) induces
innate immune response as well as SREBP2 in ECs (14, 16). In
the present study, we showed that SREBP2 transcriptionally
regulates the TIFA-NF-kB axis, which contributes to signal 1 for
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Oxidative and inflammatory stresses (e.g., atheroprone flow and
hyperlipidemia) induce innate immune responses in vascular en-
dothelium, of which the assembly and activation of nucleotide
oligomerization domain-like receptor family pyrin domain-con-
taining protein 3 (NLRP3) inflammasome constitute a core mech-
anism. We show that TNF-o receptor-associated factor-interacting
protein with a forkhead-associated domain (TIFA) is a mediator of
NLRP3 inflammasome in endothelium. The involved regulations
include that sterol regulatory element-binding protein 2 tran-
scriptionally induces TIFA (signal 1) and that phosphorylated TIFA
causes higher-order assembly of NLRP3 inflammasome (signal 2).
Given that sustained innate immune response/activation in en-
dothelium is common to a variety of vascular impairments,
TIFA-mediated NLRP3 inflammasome constitutes a pathway by
which sustained oxidative and inflammatory stresses lead to
dysfunctional endothelium.
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priming NLRP3 inflammasome. Furthermore, we investigated
whether TIFA is engaged in signal 2 for NLRP3 activation and
found that the Akt-mediated phosphorylation of TIFA Thr9
promotes the assembly of NLRP3 inflammasome. The in vivo
implications of the deduced mechanism were demonstrated by
TIFA activation under several pathophysiological conditions in
the vasculature.

Results

Oxidative Stress Induces TIFA in Vitro and in Vivo. We first examined
whether hyperlipidemia and atheroprone flow, both of which
cause oxidative and/or inflammatory stresses, could induce TIFA in
the vasculature in three mouse models. In the first set of experi-
ments, TIFA was found to be markedly elevated in aortae from
ApoE™~ mice receiving a Western diet compared with chow diet
(Fig. 14). In the second set of experiments, TIFA expression was
significantly higher in atheroprone flow areas [i.e., aortic arch (AA)]
than the atheroprotective thoracic aorta (TA) in C57BL/6 mice (Fig.
1B). Such differential expression of TIFA in AA vs. TA was mainly a
result of the difference in intima, because the TIFA mRNA level
was comparable in the media/adventitia (Fig. 1C). In the third set of
experiments, TIFA expression in the partially ligated carotid artery,
where the flow pattern is disturbed (17), was found to be elevated
vs. the sham control gFig. 1D). In line with the results from the
hyperlipidemic ApoE™" mice in vivo, oXLDL treatment increased
mRNA and protein levels of TIFA in cultured human umbilical vein
ECs (HUVECsS; Fig. 1 E and F). Consistent with results from in vivo
experiments involving AA and partially ligated carotid artery, in vitro
studies with oscillatory shear stress (OS), which simulates athero-
prone flow, caused a higher TIFA expression in cultured ECs than
pulsatile stress (PS), which mimics atheroprotective flow (Fig. 1 G
and H). Pretreating ECs with the antioxidant EUK-134 ablated the
oxLDL or OS induction of TIFA (Fig. 1 E-H). Additionally, TNF-o
treatment increased TIFA expression in ECs (Fig. S1). Taken to-
gether, Fig. 1 shows that oxidative and inflammatory stimuli induce
TIFA in the vessel wall and in cultured ECs.

SREBP2 Transactivates TIFA. SREBP2 is an oxidative stress-activated
TF in ECs, and its activation induces a panel of oxidative stress-
sensitive genes, including those involved in the activation of NLRP3
inflammasome (14, 16). Having established the induction of TIFA
by oxidative stress, and given the presence of five putative SREs in
the upstream region of the human 7IFA gene (-9,541, —7,671,
—2,913, 2,318, and +282 bp from the TSS; Fig. 24, Upper), we
examined whether SREBP2 transactivates TIFA by overexpressing
the active form of SREBP2, ie., the N terminus [SREBP2(N)], in

B C57 Aorta C

A ApoE"- Aorta C57 Aorta D

TIFA

Flow PS OS OS

HUVECGs. Overexpression of SREBP2(N) not only enhanced
SREBP2(N) binding to the predicted SREs in ECs compared with
mock control cells (Fig. 24, Lower), but also raised the mRNA and
protein levels of TIFA (Fig. 2 B and C). As a positive control,
NLRP3 expression was increased, which we previously demon-
strated to be an SREBP2 transcriptional target (14). In line with
these in vitro results, TIFA expression was increased in ECs isolated
from the aorta and lung of transgenic mice overexpressing SREBP2
(N) in the endothelium [EC-SREBP2(N)-Tg; Fig. 2D] compared
with those from the WT littermates. To examine whether SREBP2
is necessary for oxLDL- or OS-induced TIFA expression, we
knocked down SREBP2 in ECs before oxLDL or OS stimulation,
which led to an attenuation of the oxLDL- or OS-increased TIFA
mRNA level (Fig. 2E).

TIFA Is Involved in Signal 1 of NLRP3 Inflammasome. Because of the
attendant induction of TIFA and NLRP3 by SREBP2 (14) (Fig.
2) and the activation of NF-kB by TIFA (10), the SREBP2-
TIFA-NF-xB axis may be involved in signal 1 of inflammasome
induction. To test this hypothesis, we first confirmed that NF-«xB
was indeed activated in ECs overexpressing SREBP2(N) (Fig. S2).
Next, we overexpressed TIFA, which increased the expression of
caspase-1 and IL-1p (Fig. 34), indicative of inflammasome in-
duction. Furthermore, SREBP2(N) induction of caspase-1 and IL~
1p was inhibited following knockdown of TIFA (Fig. 3B). Because
NF-kB-regulated signal 1 involves the transcriptional activation of
NLRP3 inflammasome component proteins, we examined whether
TIFA is necessary for the transcriptional induction of procaspase-1
and pro-IL-1p by various stimuli. TIFA knockdown attenuated the
transcriptional induction of procaspase-1 and pro-IL-1f in ECs
stimulated with OS or TNF-a (Fig. 3 C and D). TIFA knockdown
also inhibited the protein expression of procaspase-1 and pro-IL-18/
IL-1p with OS or TNF-« stimulation (Fig. 3 E and F). These results
confirm the hierarchical order of the SREBP2-TIFA-NF-«B axis in
signal 1 in ECs.

Akt Promotes TIFA Oligomerization via TIFA Thr9 Phosphorylation.
Given that oxidative and/or inflammatory stimuli, including OS,
TNF-a, and oxLDL, all cause a sustained activation of Akt (18-20),
and that TIFA Thr9 is phosphorylated under inflammatory conditions
(10), we tested the hypothesis that Akt could increase the phos-
phorylation of TIFA Thr9, hence activating the NLRP3 inflamma-
some. We first found that incubation with lysates from TNF-o—treated
HEK?293T cells caused a greater phosphorylation of recombinant
TIFA than those from the nontreated cells (Fig. 44, lane 4 vs. lane
2). This effect was abolished following immunodepletion of Akt or

C57 Aorta
5 TIFA

accordingly. Data are mean + SEM from three in-
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addition of protein phosphatase to the kinase reaction mixture (Fig.
44, lanes 5 and 6 vs. lane 4). As a negative control, recombinant
TIFA-T9A (Thr9 replaced by an Ala) was not phosphorylated to the
same level as the WT TIFA (Fig. 44, lane 7 vs. lane 4). We have
previously shown that OS caused sustained activation of Akt (18).
Indeed, TIFA phosphorylation was greater when incubated with ly-
sates from OS-treated ECs than with those from PS-treated cells
(Fig. 4B, lane 6 vs. lane 5), and it was also greater when incubated
with lysates from TNF-a-treated HEK293T cells than with those from
untreated cells (Fig. 4B, lane 3 vs. lane 2). To test whether Akt could
phosphorylate TIFA, we immunoprecipitated Akt from HEK293T
cells, which was then incubated with recombinant TIFA WT, T9A, or
GSK-3a/B (a canonical Akt substrate). Akt immunoprecipitated from

A C

Active p65

TIFA

Q?' Ad-null + -
o Ad-SREBP2 - - + +

TIFASiRNA - + - +
Ctrl siRNA + - +

F

5 PS OS

Relative pro-IL1p mRNA
Relative pro-IL13 mRNA

TNFa -
TIFA siRNA - -
Ctrl siRNA + +

A >ma B C SREBP2(N)
t t ——4 CJAd-null
SRE 1 2 345 B Ad-SREBP2(N) Iﬁ
CJAd-null TIFA
W AJ-SREBP2(N) . -
o X 2 . * és — m NLRP3
GE> = > 3 * a-tubulin Fig. 2. SREBP2 transcriptionally up-regulates TIFA in
< 5 Qa4 e ECs. (A) HUVECs were infected with Ad-SREBP2(N)
2 E S D for 48 h. ChIP assays were performed by using anti-
& N & o g“ qu\ SREBP2 or rabbit IgG as an isotype control. The en-
& & & v & richment of SREBP2(N) binding to the putative SREs
® ¥ b.‘b in the promoter region of the TIFA gene (Upper) was
< v quantified by RT-qPCR with primers listed in Table
D E z ‘zt S2. (B and C) HUVECs were infected with Ad-SREBP2
CIwild-type €25 ; 4 nEt (N) or Ad-null. The mRNA and protein levels of TIFA
< MSREBP2Tg a 2 % - were examined by RT-gPCR and Western blot, re-
E 40 E <3 & spectively. (D) TA and lung ECs were isolated from
[3 > x 15 E ) 3 EC-SREBP2(N)-Tg mice and WT littermates. The levels
E L o 1 o o of TIFA mRNA in the tissues were quantified by RT-
3 = '%05 '%1 '% gPCR. (E) HUVECs were transfected with SREBP2 or
_g s E ’ E E, control siRNA (20 nM). The transfected cells were
% ox-LDL - 4 + - - CE 4 - - - - treated with or without oxLDL or OS. The levels of
4 < & 0S - - - 4+ + e -+t . e -4+ SREBP2, TIFA, and NLRP3 mRNA were examined .by
é& SREBP2SiRNA - - + - + e+ -+ e -4 -t zT-qPCR. Data are mean = SEM from three in-
O X ependent experiments (*P < 0.05 between com-
Ctrl siRNA + + - + - + + - + - + + - + -

pared groups).

TNF-o—treated cells increased the phosphorylation of coincubated
TIFA-WT and GSK-3a/B, but not TIFA-T9A (Fig. 4C, lane 3 vs. lane
2, lane 6 vs. lane 5, lane 8 vs. lane 7). In contrast, the inclusion of
protein phosphatase in the kinase reaction mixture abolished Akt
phosphorylation of TIFA (Fig. 4C, lane 4 vs. lane 3). As a negative
control, loss of function or kinase-dead mutants of Akt (i.e., K8R,
K14R, or K179M) could not phosphorylate TIFA (Fig. S3). Be-
cause TIFA oligomerization has been shown to build on Thr9
phosphorylation (10), we tested whether the Akt-dependent TIFA
Thr9 phosphorylation promotes TIFA oligomerization. Recombi-
nant His-TIFA was incubated with lysates from HEK293T cells
transfected with Akt and then treated with or without TNF-a. In
vitro kinase assay followed by native gel electrophoresis revealed
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'
'
+
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Fig. 3. TIFA is involved in signal 1 of NLRP3 inflam-

]x-

TIFA
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TIFA. The protein level of phosphorylated p65 NF-«B,
TIFA, caspase-1 p20, and IL-1p p17 was examined by

Casp-1 p20 Western blot. (B—-F) HUVECs were transfected with TIFA

pro-IL-18

—_— pro-IL-18

siRNA (20 nM) or control siRNA (20 nM). (B) ECs were

e o | IL-18 p18

- -

also infected with Ad-SREBP2. (C-F) ECs were stimulated

IL-1B p17 with OS or TNF-a. The mRNA levels of pro-IL-1p mRNA

Relative pro-Casp-1 mRNA

- emn e e o -tubulin

B-actin and procaspase-1 were analyzed (B-D), along with the
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protein levels of TIFA, procaspase-1, caspase-1 p20, pro—
IL-18 and IL-18 p18, or pro-IL-1p and IL-1B p17 (E and F).
Data are mean = SEM from three independent experi-
ments (*P < 0.05).
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Fig. 4. Akt is involved in the phosphorylation of TIFA Thr9. (A) HEK293T cells
were treated with or without TNF-a for 30 min. Cell lysates were extracted, and
Akt was depleted by immunoprecipitation (lanes 3, 5, and 8) before incubation
with recombinant WT TIFA (His-TIFA-WT; lanes 2-6) or TIFA-T9A mutant (lanes 7
and 8) and [y—32P]ATP. Alkaline phosphatase (PPtase) was added as indicated
(lane 6). The reaction mixtures were separated by SDS-PAGE, and the bands were
revealed by autoradiography. Lane 9 was a reaction mixture without cell lysates.
(B) HUVECs were exposed to PS (lane 5) or OS (lane 6) for 30 min, and the col-
lected cell lysates were incubated with recombinant WT TIFA and [y->PJATP for
in vitro kinase assay. Lysates from HEK293T cells treated with or without TNF-a
(lanes 1-4) were used as positive controls, and lane 7 was reaction mixture
without cell lysates. (C) Akt was immunoprecipitated from HEK293T cells treated
with or without TNF-a for 30 min. The cell lysates were incubated with
recombinant WT TIFA (lanes 2-4), TIFA-T9A mutant (lanes 5 and 6), or GSK-3a/B
(lanes 7 and 8) together with [y-*2P]ATP for in vitro kinase assay. Rabbit IgG was
an isotype control (lane 9). (D) HEK293T cells were transfected with or without
the WT Akt and then treated with TNF-a for 30 min as indicated. His-TIFA-WT
was incubated with cell lysates for in vitro kinase reaction. The polymerization of
His-TIFA was analyzed by native gel electrophoresis. Coomassie blue staining was
used for visualization and quantitation of TIFA protein in SDS-PAGE.

that Akt overexpression resulted in a TIFA band with increased
molecular weight, indicative of enhanced TIFA oligomerization
upon TNF-a treatment (Fig. 4D, lane 3 vs. lane 2). Such Akt-de-
pendent TIFA oligomerization was abolished when protein phos-
phatase was included in the kinase reaction mixture (Fig. 4D, lane 4
vs. lane 3). Taken together, the results in Fig. 4 suggest that Akt
kinase activity is required for the phosphorylation of TIFA Thr9
and the consequent TIFA oligomerization.

TIFA Induces the Assembly and Activation of NLRP3 Inflammasome via
Signal 2. Higher-order assemblies of innate immune receptors such as
those in the TNFR superfamily and the TLR/IL-1 receptor super-
family appear to be common in innate immune signaling (21, 22).
Because TIFA activates TRAF and NLRP3 inflammasome (9) (Fig.
3), we examined whether TIFA phosphorylation and oligomerization
can induce the assembly and activation of NLRP3 inflammasome. To
functionally link Akt phosphorylation of TIFA with inflammasome
activation, we performed an NLRP3 inflammasome reconstitution
assay in HEK293T cells lacking the endogenous inflammasome core
proteins (23, 24). HEK293T cells were cotransfected with NLRP3,
ASC, procaspase-1, and pro-IL-1p together with Akt WT, TIFA
siRNA, Akt K14R (i.e., loss-of-function mutant), or Akt E17K (i.e.,
gain-of-function mutant). As shown in Fig. 54, Akt WT and Akt
E17K enhanced IL-1p production (Fig. 54, lane 2 vs. lane 1 and lane
5 vs. lane 1). The increased IL-1p production was attenuated when
endogenous TIFA was knocked down (Fig. 54, lane 3 vs. lane 2) or
Akt K14R mutant was coexpressed (Fig. 54, lane 4 vs. lane 2). These
results suggest that the Akt-activated TIFA is involved in the NLRP3
inflammasome activation.

To examine the causality of TIFA activation with that of NLRP3
inflammasome, we investigated whether TIFA overexpression
combined with inflammasome stimuli (e.g., LPS/ATP) results in
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oligomerization of inflammasome component proteins (e.g.,
caspase-1). LPS and ATP cotreatment indeed induced caspase-1
oligomerization (Fig. 5B, lane 2 vs. lane 1). Overexpression of TIFA
further increased the level of oligomerized caspase-1 (Fig. 5B, lane
3 vs. lane 2). However, such augmented caspase-1 oligomerization
was not seen in cells overexpressing TIFA-T9A (Fig. 5B, lane 4 vs.
lane 3). Besides oligomerization, caspase-1 expression would also
contribute to the increased band intensity of caspase-1. This is ev-
ident by the increased high molecular weight of caspase-1 in lane 3
in the native gel compared with lanes 2 and 4 in Fig. 5B.

To this end, the Akt-TIFA-NLRP3 inflammasome axis may
constitute an innate immune response in ECs. To test this hy-
pothesis, we overexpressed Akt E17K in HUVECs in which TIFA
siRNA or control siRNA was cotransfected. As shown in Fig. S44,
Akt E17K overexpression together with LPS/ATP stimulation po-
tentiated pro-IL-1p expression and its cleavage (Fig. S44, lane 3 vs.
lane 2). TIFA knockdown abolished such activation of IL-1p (Fig.
S44, lane 4 vs. lane 3). Moreover, overexpression of TIFA, but not
TIFA-T9A, increased the Akt E17K-increased IL-1p (Fig. S4B). To
study the molecular basis underlying TIFA oligomerization of cas-
pase-1, we overexpressed TIFA in HUVECs. Coimmunoprecipita-
tion (co-IP) experiments show the interaction of TIFA with caspase-
1 (Fig. 5C, Upper). This interaction was enhanced in ECs treated
with TNF-a (Fig. S5). To further elucidate the role of TIFA Thr9
phosphorylation in NLRP3 inflammasome activation, we infected
HUVECG:s with Ad-TIFA WT or Ad-TIFA-T9A and then examined
TIFA-caspase-1 association under TNF-a treatment. Results in Fig.
5C, Lower, showed that TIFA WT, but not T9A mutant, increased
the interaction between TIFA and caspase-1.

In macrophages, NLRP3 inflammasome activation can be ob-
served microscopically by the newly formed speckles, an indication
of aggregated inflammasome components (25). We also assessed
the role of TIFA in OS- and oxLDL-activated NLRP3 inflamma-
some by examining whether OS or oxLDL induces the inflamma-
some speckles, and, if so, whether such aggregates colocalize with
TIFA and/or caspase-1. ECs under OS (compared with PS) or
treated with oxXLDL (compared with untreated control) showed a
marked increase in the amount of speckles coimmunostained with
anti-TIFA and anti—caspase-1 (Fig. 5 D and E). Together, the re-
sults in Fig. 5 suggest that the Akt-enhanced phosphorylation of
TIFA Thr9 induces TIFA interaction with caspase-1, which would
constitute “signal 2” to promote the assembly of NLRP3 inflam-
masome, a necessary step in inflammasome activation.

Discussion

In this study, we investigated the mechanism by which TIFA acti-
vates NLRP3 inflammasome in the context of atheroprone flow and
other prooxidative and proinflammatory stimuli known to induce
innate immune response in the endothelium. Our results indicate
that TIFA is engaged in signal 1 (i.e., priming) and signal 2 (i.e.,
activation) required for NLRP3 inflammasome activation. In par-
ticular, SREBP2 induction of TIFA is required for the transcrip-
tional activation of proinflammatory cytokines (i.e., pro-IL-1f) and
inflammasome components (i.., procaspase-1), which would be
considered signal 1. Additionally, Akt-enhanced phosphorylation of
TIFA Thr9 promotes the assembly of NLRP3 inflammasome, which
is considered as signal 2 of inflammasome activation (Fig. 5F).
SREBP2, with its canonical role in regulating cholesterol ho-
meostasis in the cell, is implicated in innate immunity, in part
through its activation of NLRP3 inflammasome (26). Activated by
atheroprone flow and a number of proinflammatory stimuli, the
SREBP?2 transactivation of TIFA, illustrated in Fig. 2, would be a
new mechanism of signal 1 in the endothelial innate immune re-
sponse. Given that TIFA activates NF-xB (10) and that NF-xB—
mediated transcription primes the signal 1 of inflammasome (27),
the SREBP2-TIFA-NF-«B axis would be a nexus linking proin-
flammatory and prooxidative stresses with the innate immune
response in the endothelium. In monocytes/macrophages, oxLDL
activates NF-kB via a complex encompassing CD36, TLR4, and
TLR6 (28). Therefore, TLR activation may be an upstream mo-
lecular event leading to signal 1 activation. In ECs, OS and oxLDL
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Fig. 5. TIFA pT9 is involved in signal 2 of NLRP3 inflammasome in ECs.
(A) HEK293T cells were transfected with pcDNA3 (lane 1), DNA plasmid encoding
WT Akt (lane 2), TIFA siRNA (lane 3), Akt K14R (lane 4), or a constitutively active
Akt E17K (lane 5) together with ASC, NLRP3, caspase-1, or IL-1p for 48 h. The
level of IL-1B in the supernatant was measured by ELISA. The data are fold
change with the value in lane 1 set to 1. Data are mean + SEM from three in-
dependent experiments (*P < 0.05). (B) HUVECs were transfected with WT TIFA
(lane 3) or TIFA-T9A (lane 4) and then treated with LPS (100 ng/mL, 16 h) and ATP
(5 mM, 30 min; lanes 2-4). Cell lysates were separated by native gel electro-
phoresis (Top) or SDS-PAGE (Bottom). Caspase-1 oligomerization was detected
by Western blot. (C) HUVECs were infected with various adenovirus as indicated;
(Lowver) cells were also stimulated with or without TNF-a for 4 h as shown. HA-
TIFA was immunoprecipitated by anti-HA. Western blots showed the coimmu-
noprecipitated caspase-1 or TIFA. (D and E) HUVECs were stimulated with PS, OS,
or oxLDL for 16 h and then immunostained with anti-TIFA or anti-caspase-1
antibodies. The merged images reveal the colocalized TIFA and caspase-1 in OS-
or oxLDL-stimulated cells. (F) Graphic illustration of TIFA involvement in signal
1 and signal 2 for NLRP3 inflammasome activation in ECs.

induce TIFA (Fig. 1) and SREBP2 (14, 17). LPS stimulation also
activates SREBP2 (29, 30), presumably via TLRs and their down-
stream effector TRAF6 (10). Collectively, TLRs could be common
innate immune receptors in response to oxidative stress, including
OS and oxLLDL that induce signal 1. In support of this proposition,
blocking the TLR pathway inhibited TIFA induction (Fig. S6).
There is ample evidence that the stimulation of TLRs activates
PI3K/Akt (31). However, PI3K/Akt can also negatively regulate
TLR signaling in a feedback manner (32, 33). We demonstrated
that Akt is a kinase involved in TIFA Thr9 phosphorylation, which
leads to TIFA oligomerization in ECs (Fig. 4). The aberrant oxi-
dative stress in ECs may elicit sequential events that encompass Akt
phosphorylation of TIFA Thr9 and the consequent binding of
TIFA’s FHA domain to pT9, thus causing the TIFA-TIFA
homophilic association. In the context of atherosclerosis sus-
ceptibility, we previously showed that atheroprone flow per-
sistently activates Akt (18). Hence, Akt phosphorylation of TIFA
with the ensuing TIFA oligomerization might contribute to the
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unresolved innate immune response in atheroprone areas (34).
Interestingly, TRAF6 can function as an E3 ligase to ubiquitinate
and activate Akt and IKK via K63 linkage (35, 36). Moreover,
NLRP3 inflammasome activity can be enhanced by the TRAF3-
dependent K63 polyubiquitination of ASC (37). Thus, a com-
prehensive network, rather than a simple hierarchical axis, may
exist among Akt, TIFA, TRAF6, and TRAF3 to regulate the
innate immune response.

In macrophages, signal 2-dependent stimuli, including exogenous
ATP, K" efflux, and ROS, initiate the assembly and activation of
NLRP3 inflammasome (27, 38-40). Our results in Fig. 5 suggest that
TIFA pT9 guides the higher-order assembly of inflammasome core
proteins (i.e., NLRP3, ASC, and caspase-1), which would constitute
signal 2 in activating NLRP3 inflammasome in ECs. Significantly,
TIFA oligomerization seems to predominantly depend on pT9
rather than FHA or TRAF6 binding sites (i.e., Ser66 and Glul7s,
respectively) (10). The recently reported TIFA crystal structure
supports such higher-order assembly of TIFA (11). Because TIFA
activates signal 1 via TRAF6 oligomerization and signal 2 via the
assembly of the inflammasome component proteins, phosphoryla-
tion of TIFA T9 would be essential for the innate immune response.

OS, oxLLDL, and TNF-« increased the interaction between TIFA
and procaspase-1, as shown by the co-IP and coimmunostaining
experiments (Fig. 5 C=E). The caspase-1-dependent pyroptosis is a
form of cell death triggered by the inflammasome (41). Thus, TIFA
activation of caspase-1 in ECs is also supported by the increased
pyroptosis in ECs overexpressing SREBP2 or TIFA (Fig. S7). ASC
provides a scaffold between NLRP3 and procaspase-1 to form su-
pramolecular structures of inflammasome, which relies on the in-
teractions of the pyrin domain (PYD) in NLRP3 and ASC, as well
as the caspase activation and recruitment domain (CARD) in ASC
and procaspase-1 (1, 23, 42). TIFA, which does not contain PYD-
or CARD-like domains, may nucleate the NLRP3 inflammasome
by directly binding to NLRP3, ASC, and/or procaspase-1. Alter-
natively, TIFA might act as a prion-like “proteinaceous nucleating
particle” (43) to enhance the higher-order assembly of the NLRP3-
ASC—procasepase-1 complex.

In summary, we have demonstrated that TIFA plays a crucial role
in the innate immune response in ECs induced by prooxidative and
proinflammatory stimuli, including atheroprone flow, oxLDL, and
TNF-a. The mechanisms involve the transcriptional up-regulation
of TIFA by SREBP?2 (signal 1) and the oligomerization of TIFA by
TIFA pT9 to induce the higher-order assembly of NLRP3 inflam-
masome (signal 2; Fig. 5F). Because unresolved innate immunity in
the endothelium plays a pathophysiological role in vascular im-
pairments, targeting TIFA may provide a new therapeutic strategy
for vascular diseases. In light of this, Aurora A kinase has recently
been shown to phosphorylate Thr9 of TIFA as well, and targeting
TIFA can enhance therapeutic efficacies in the treatment of acute
myeloid leukemia (44).

Materials and Methods

The sources of antibodies and reagents and detailed methods for cell culture,
shear stress experiments, RNAi inhibition, adenovirus infection, bioinformatics
methods, ChIP assay, immunoblotting, real-time quantitative PCR (RT-qPCR), and
caspase-1 activity/pyroptosis are described in S/ Materials and Methods.

Animal Experiments. Animal experimental protocols were approved by the
institutional animal care and use committee of the University of California,
San Diego. ApoE™~ or EC-SREBP2(N)-Tg-ApoE '~ genotypes were generated
by crossing EC-SREBP2(N)-Tg mice (14) and ApoE"‘ mice. All mice were
housed in colony cages with a 12-h light/dark cycle and fed ad libitum unless
otherwise indicated. Mouse aortae and lung ECs were isolated for RNA or
protein extraction. In animals receiving Western diet, it was started at 8 wk
of age. Male EC-SREBP2(N)**ApoE~"~ and their EC-SREBP2(N)™~ApoE " lit-
termates were fed a Western diet containing 15% (wt/wt) fat, 1.25% (wt/wt)
cholesterol, and 0.5% sodium cholate (Harlan Teklad) ad libitum. Mice were
killed 8 wk later, and aortae were isolated for RNA or protein extraction.
The isolation of primary mouse lung ECs was described previously (14). The
partial carotid ligation model was as described by Nam et al. (17).
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In Vitro Kinase Assay. HEK293T cells under the indicated conditions were lysed
with CHAPS lysis buffer containing 20 mM Pipes, 1 mM Na3VO,, 1 mM EGTA,
50 mM Tris-HCl, 150 mM NacCl, 50 mM NaF, 1% CHAPS, and 10% (vol/vol)
glycerol supplemented with protease inhibitor mixture (Roche) and phos-
phatase inhibitor (Sigma). The cell extracts were precleaned with sheep anti-
mouse IgG M-280 Dynabeads (Invitrogen) at room temperature for 30 min. The
resulting cell extracts were incubated with the recombinant His-tagged WT or
T9A mutant TIFA in the reaction buffer (40 mM Hepes, pH 7.5, 20 mM MgCl,,
and 100 pM ATP) in the presence of 10 pM [y-32P]ATP (Perkin-Elmer) at 37 °C for
30-90 min. His-tagged proteins were pulled down with M-280 Dynabeads coated
with anti-His mAb. The reaction was terminated by the addition of SDS sample
buffer and heating at 95 °C for 10 min before gel electrophoresis.

Inflammasome Reconstitution Assay. HEK293T cells at 70% confluence were
seeded onto six-well plates overnight and then transfected with plasmids
encoding inflammasome component proteins, including 200 ng pcDNA4-pro-
IL-1B8, 25 ng pcDNA4-NLRP3-Myc, 20 ng pcDNA-ASC, and 10 ng pcDNA4-
procaspase-1-Myc. Cell pellets were collected 48 h after transfection and
lysed in cell lysis buffer for immunoblotting analysis. Cell supernatants were
collected for ELISA to detect IL-1f secretion (R&D Systems).

Immunoprecipitation. Cells were washed with PBS solution, UV cross-linked,
and then lysed. After centrifugation at 13,000 x g at 4 °C for 15 min,
Dynabead Protein G (DynaG) was added and washed with PBS solution with
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differences among groups if data were normally distributed. For non-
parametric data, Mann-Whitney U test with the exact method was used
to analyze differences between two groups. P < 0.05 was considered
statistically significant.
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