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Mitogen-activated protein kinase kinase kinase 7 (MAP3K7), known
as TAK1, is an intracellular signaling intermediate of inflammatory
responses. However, a series of mouse Tak7 gene deletion analyses
have revealed that ablation of TAK1 does not prevent but rather
elicits inflammation, which is accompanied by elevation of reactive
oxygen species (ROS). This has been considered a consequence of
impaired TAK1-dependent maintenance of tissue integrity. Contrary
to this view, here we propose that TAK1 inhibition-induced ROS are
an active cellular process that targets intracellular bacteria. Intracel-
lular bacterial effector proteins such as Yersinia's outer membrane
protein YopJ are known to inhibit TAK1 to circumvent the inflam-
matory host responses. We found that such TAK1 inhibition induces
mitochondrial-derived ROS, which effectively destroys intracellular
bacteria. Two cell death-signaling molecules, caspase 8 and RIPK3,
cooperatively participate in TAK1 inhibition-induced ROS and block-
ade of intracellular bacterial growth. Our results reveal a previously
unrecognized host defense mechanism, which is initiated by host
recognition of pathogen-induced impairment in a host protein,
TAK1, but not directly of pathogens.
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Bacterial infection activates inflammatory cellular responses
upon recognition of bacterial moieties through cell surface
and intracellular pattern recognition receptors (PRRs), Toll-like,
and Nod-like receptors (1). Mitogen-activated protein kinase
kinase kinase 7 (MAP3K?7), known as TAKI, is a major intra-
cellular mediator of proinflammatory gene expression through
activating two signaling cascades, MAPK-AP1 and IkB kinase-
NF-xB (2). Through these pathways, TAKI renders a tran-
scriptional reprograming toward an inflammatory state. TAK1 is
ubiquitously expressed not only in immune cells but also in all
cell types that have been tested (2). To delineate the role of
TAKI in each tissue, others and we have characterized a variety
of tissue-specific TakI-deficient mice. The striking finding from
these analyses is that ablation of TAK1 elicits inflammation in
many tissues such as the epidermis (3) and the intestinal epi-
thelium (4) despite a well-established TAK1’s role as an activa-
tor of inflammation. Inflammation in Takl-deficient tissues
exhibits two major characteristics, namely, cell death through
two cell death pathways, caspase 8-induced apoptosis and
RIPK3-induced necroptosis, and elevation of reactive oxygen
species (ROS) (2, 5, 6).

Pathogenic bacteria such as Salmonella enterica, Listeria
monocytogenes, and several Yersinia species including Y. pseu-
dotuberculosis, Y. enterocolitica, and Y. pestis are invasive intra-
cellular bacteria, which actively enter into and colonize the host
cells. To combat such bacteria, host cells activate inflammatory
signaling pathways and xenophagy (7). To evade the host strat-
egy, invasive bacteria express a variety of proteins to manipulate
the host defense mechanisms, which are referred to as bacterial
effector proteins. Inflammatory signaling pathways, particularly
MAPK and NF-xB pathways, are prominent targets of bacterial
effectors to diminish the inflammatory responses. A Yersinia ef-
fector protein, Yopl, inhibits TAK1 activity through acetylation of
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TAKT’s activation loop, which results in blockade of MAPK and
NF-kB activation (8). However, recent studies have discovered
that YopJ’s TAKI inhibition elicits macrophage death through
pyroptosis (9, 10), which could be an alternative host defense
mechanism to fight back such bacteria. This prompted us to
connect our finding of TAK1 ablation-induced ROS with a host
defense mechanism. We have for a long time thought that TAK1
ablation induces ROS because TAKI1 plays a critical role in cel-
lular redox homeostasis. However, ROS may be intentionally up-
regulated when cells sense TAK1 inhibition. We hypothesize that
TAKI1 inhibition-induced ROS provide an additional layer of the
host defense to disrupt intracellular bacteria.

Results

We first defined the source of TAKI inhibition—-induced ROS.
The pharmacological TAKT1 inhibitor 5Z-7o0xozaenol (5Z0Z) (11)
was used, as it was reported to elicit cellular responses identical to
YopJ (9, 10). Bone marrow—derived macrophages (BMDMSs) were
treated with 5Z0Z, and ROS levels were determined using ROS
dyes; CM-H2DCFDA, a general ROS and nitric oxide reactive
chemical (12, 13); and MitoSOX, a mitochondrial ROS dye (13).
As macrophages are known to elevate production of ROS and
nitric oxides through assembly of NADPH oxidase 2 and tran-
scriptional activation of nitric oxide synthase in response to bac-
terial moieties through PRRs (14), we also treated cells with the
bacterial moiety lipopolysaccharide (LPS) and the noninvasive
bacteria Escherichia coli DHS5-o to compare the characteristics
between bacterial moiety—driven and TAKI1 inhibition—driven
ROS. Consistent with previous notions (14), noninvasive bacteria
and LPS up-regulated cytosolic ROS that were detectable pref-
erentially by CM-H2DCFDA but less reactive with MitoSOX in
BMDMs (Fig. 14 and SI Appendix, Fig. S14). We found that,
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unlike bacteria moiety—induced ROS, TAKI1 inhibition-induced
ROS were readily detectable by MitoSOX but only marginally by
CM-H2DCFDA. We also confirmed that Y. enterocolitica, which
expresses YopJ, up-regulated mitochondrial ROS but not cyto-
solic ROS (Fig. 1B). In contrast, two yopJ-deficient Y. enter-
ocolitica strains lacked an ability to elevate mitochondrial ROS but
profoundly up-regulated cytosolic ROS (Fig. 1B). yopJ-deficient Y.
enterocolitica strains activated TAK1’s downstream MAPKs, p38
and JNK, which could lead to transcriptional activation of ROS
and nitric oxide generating enzymes, while the YoplJ-expressing
strain was incapable of activating them (SI Appendix, Fig. S1B). To
verify that YopJ inhibition of TAKI is accountable for mito-
chondrial ROS, we examined ROS in HeLa cells expressing wild-
type or acetyltransferase-dead mutant YopJ protein instead of
bacterial infection (Fig. 1C). As HeLa cells do not express one of
the TNF signaling components, receptor-interacting protein ki-
nase 3 (RIPK3) (15), we used HeLa cells stably expressing RIPK3
(HeLa-RIPK3) (16). TAK1 inhibition alone was less effective in
elevating ROS, but cotreatment with TNF highly up-regulated
mitochondrial ROS in HeLa-RIPK3 cells (SI Appendix, Fig.
S1 C and D). Only wild-type YopJ but not the acetyltransferase-
dead mutant was capable of inducing mitochondrial ROS (Fig.
1C). Thus, YopJ inhibition of TAK1 is the cause of elevated mi-
tochondrial ROS. Collectively, TAK1 inhibition elicits mitochon-
drial ROS elevation, whereas PRR signaling pathways up-regulate
cytosolic ROS.

To verify this unique mitochondrial ROS elevation, we used
other means to disrupt TAK1: another pharmacological TAK1
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inhibitor, Takinib (17), and Tak! gene deletion. Unlike 5Z0Z,
Takinib was incapable of inhibiting TAK1 autophosphorylation
(17) (SI Appendix, Fig. S1E). Nevertheless, 5Z0Z, Takinib, and
YopJ blocked TAK1-dependent p38 and JNK activation (SI Ap-
pendix, Fig. S1E). Takinib also elevated mitochondrial ROS in
BMDMs (Fig. 1D). Takl gene deletion in BMDMs using the in-
ducible Rosa26.Cre ERT system (18) depleted TAKI protein at 4
to 5 d after treatment of the CreERT activator, 4-hydroxytamoxifen
(40HT) (19, 20). Similar to TAK1 inhibition, elevation of mito-
chondrial ROS was observed in TakI-deficient BMDMs (Fig. 1E),
while cytosolic ROS were also elevated in TAK1 depletion
(Fig. 1E). These cytosolic ROS may be consequences of stress
conditions mediated by mitochondrial ROS, since TAKI protein
depletion gradually occurred after gene deletion over a 3- to 5-d
period (19). To further verify the relationship between TAK1
ablation—induced ROS and mitochondria, another mitochondria-
directed ROS dye, MitoPY1 (21), was used together with a mi-
tochondrial marker, MitoTracker Red. With 5Z0Z treatment or
Takl gene deletion, MitoPY1-positive puncta were found to
largely overlap with mitochondria (Fig. 1F). Collectively, we con-
clude that TAK1 ablation induces mitochondrial ROS.
Mitochondria are constantly generating ROS as byproducts of
respiration. Disruption of normal mitochondrial electron trans-
port processes is known to up-regulate production of ROS. Such
disruption is often associated with mitochondrial morphological
changes, particularly mitochondrial fragmentation (22, 23). As
MitoTracker staining in Fig. 1F seemed to indicate mitochondrial
morphological changes, we quantified the frequency of altered
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Fig. 1.

Mitochondrial ROS are induced by TAK1 inhibition but not by PRR stimulation. (A) BMDMs were treated with 300 nM 5Z0Z, 100 ng/mL LPS, or E. coli

DH5-a. DH5-o0 number was used at 100-fold of the BMDM number. Cells were harvested at 2, 6, and 18 h post treatment and were incubated with CM-
H2DCFDA (DCFDA) and Sytox Red (cell viability dye) or with MitoSox and Sytox Green (cell viability dye). The median fluorescence intensity (MFI) of live cells
was determined. Data include all separately acquired data points in BMDMs from three different animals are shown as fold-inductions relative to vehicle-
treated samples. (B) Yersinia strains expressing YopJ (YopJ+) and two strains with no yopJ gene (YopJ-1 and YopJ-2) were infected into BMDMs, and ROS
levels were determined at 18 h post infection. (C) Wild-type YopJ and acetyltransferase-dead mutant YopJ (YopJ mutant) were expressed in HeLa-RIPK3 cells.
At 24 h post transfection, cells were treated with 50 ng/mL TNF, and ROS levels were analyzed only in transfected and live cells at 48 h post transfection. (D)
BMDMs were treated with 10 pM Takinib for 18 h, and ROS levels were analyzed. (E) No-Cre control Tak17°¥/flox and inducible Tak1-deficient (Tak1%®) BMDMs
were treated with the Cre inducer (40HT) for 5 d. All data points acquired form different animal-derived BMDMs are shown. (F) BMDMs were treated with
vehicle or 300 nM 5Z0OZ for 5 h (Top and Middle). Tak1® BMDMs were treated with 40HT for 5 d (Bottom). Mitochondrial ROS dye MitoPYI and MitoTracker
Red staining are shown. (Scale bars, 20 um.) One-way ANOVA, multiple comparisons, Tukey test (A-C), and unpaired Student'’s’ t test (D and E).
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mitochondrial morphology with TOM20 staining (Fig. 24). While
filamentous mitochondria were commonly observed in wild-type
BMDMs, small donut-shaped mitochondria were increased by
Takl gene deletion or with TAKI1 inhibition (Fig. 2 A and B).
These results indicate that TAK1 inhibition alters normal mito-
chondrial homeostasis that might be the cause of elevated ROS. If
TAKT1 inhibition up-regulates ROS through impaired mitochon-
drial respiration, restoring mitochondrial respiration should re-
duce the level of mitochondrial ROS. We chose to use sodium
sulfide (a precursor of hydrogen sulfide) that is a stimulator of
mitochondrial respiration by donating electrons to complex III in
the electron transport chain (24, 25). Although hydrogen sulfide is
toxic to cells at high concentrations by inhibiting cytochrome c
oxidase, it facilitates electron flux by supplying electrons through
sulfide quinone oxidoreductase at lower concentrations (26). Hy-
drogen sulfide is known to play a protective role on mitochondrial
metabolism under stress conditions (24, 25). We found that so-
dium sulfide effectively blunted TAK1 inhibition-induced ROS
(Fig. 2C). Hydrogen sulfide is generated from cysteine by several
cytoplasmic enzymes (e.g., cystathionine y-lyase) (27). N-acetyl
cysteine (NAC) is a pharmacological precursor of cysteine. Both
cysteine and NAC were found to be effective in blocking TAK1
inhibition-induced ROS (Fig. 2C). We are aware that cysteine and
NAC are precursors of glutathione, which is the major endoge-
nous ROS scavenger in cells. Thus, one might predict that they act
through glutathione but not hydrogen sulfide. However, Dick’s
group has recently determined that NAC is a modulator of mi-
tochondria through hydrogen sulfide but does not act as a general
ROS scavenger (27). Consistent with their finding, NAC was an
ineffective ROS scavenger for bacterial moiety— and an oxidative
agent tert-butylhydroperoxide (tBHP)-induced ROS (SI Appen-
dix, Fig. S2). In contrast, a simple free radical scavenger, tert-
butylhydroquinone (tBHQ), was capable of reducing bacterial
moiety— and tBHP-induced ROS (SI Appendix, Fig. S2), while it did
not work as a reducer of TAKI1 inhibition-induced mitochondrial

ROS (Fig. 2C and SI Appendix, Fig. S2C). When used together with
5Z0Z, tBHQ rather profoundly up-regulated ROS (Fig. 2C and SI
Appendix, Fig. S2C), which may be associated with pro-oxidant ac-
tions of tBHQ’s reaction products (28). These results demonstrate
that facilitating mitochondrial electron flux but not simple free
radical scavenging is effective in blocking TAK1 inhibition-induced
ROS, suggesting that TAK1 inhibition impairs mitochondria respi-
ration resulting in elevated ROS production.

We next examined whether mitochondrial ROS prevent in-
tracellular bacterial growth. S. enterica serovar Typhimurium LT-
2, hereafter referred to as Salmonella, was used as a model in-
tracellular bacterial strain. In contrast to highly virulent Salmo-
nella strains such as SL1344 (29), the LT-2 strain is nonvirulent
in mice (30). We found that LT-2 persistently colonized BMDMs
(SI Appendix, Fig. S3 A and B). Salmonella produces the ace-
tyltransferase AvrA that is also inhibitory to the host innate im-
mune signaling (31). However, unlike YopJ, AvrA does not have
the ability to inhibit TAK1 (32). Consistently, Salmonella infection
alone did not up-regulate mitochondrial ROS, as shown in Fig. 34
and SI Appendix, Fig. S3C. We confirmed that neither 5Z0OZ nor
Takinib had any direct inhibitory effect on Salmonella growth (SI
Appendix, Fig. S3C). To monitor only intracellular bacterial
growth, cells were treated with gentamicin, which cannot pene-
trate the mammalian plasma membrane. The Salmonella infection
frequencies in BMDMs were 70 to 80% regardless of TAK1 in-
hibition (S Appendix, Fig. S3 A and B). Treatment with 5Z0Z up-
regulated mitochondrial ROS in BMDMs infected with Salmo-
nella (Fig. 34 and SI Appendix, Fig. S3D). We utilized NAC to
reduce mitochondrial ROS, as sodium sulfide is toxic to Salmo-
nella, while NAC did not directly affect Salmonella proliferation
(81 Appendix, Fig. S3E). At 2 h post infection, we found that the
numbers of Salmonella that invaded into macrophages were not
altered by TAK1 inhibition (Fig. 3B). At 18 h, the viable intra-
cellular Salmonella number was profoundly lower in the presence
of TAKI inhibitor than that in untreated macrophages, which was
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Fig.2. TAK1 inhibition impairs mitochondria, which is restored by hydrogen sulfide but not by general ROS scavenger. (A) Tak1'“® BMDMs were treated with
vehicle (ethanol, EtOH) or with 40HT for 5 d. Some EtOH-treated cells were also treated with 300 nM 5Z0OZ for 5 h before the fixation. Mitochondrial
morphology was visualized with anti-TOM20 immunofluorescence staining. (B) Quantification of mitochondrial morphology changes at 5 d post EtOH or
40HT treatment. Some EtOH-treated cells were treated with 300 nM 5Z0Z and 3 mM NAC for 5 h. (C) Different types of ROS modulators; modulators of
mitochondrial electron flux, sodium sulfide (0.4 mM); cysteine (3 mM); NAC (3 mM); or a general free radical scavenger, tBHQ (20 pM), were simultaneously
treated with 300 nM 5ZOZ in BMDM: s for 18 h. Cells were analyzed with CM-H2DCFDA (DCFDA) and Sytox Red or with MitoSox and Sytox Green. MFls of live
cells relative to that in vehicle-treated cells (none) are shown. Effectiveness of tBHQ was verified in separate experiments shown in S/ Appendix, Fig. S2. One-
way ANOVA, multiple comparisons, and Tukey test; N.S., not significant (B and C).
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Fig. 3. TAK1 inhibition blocks intracellular Salmonella growth through mitochondrial ROS. (A and B) BMDMs were incubated with Salmonella, MOI of 10, for
30 min, and extracellular Salmonella was killed by gentamicin treatment. TAK1 inhibitors, 300 nM 5ZOZ and 10 pM Takinib, and 3 mM NAC were added to the
medium when starting gentamicin treatment. Cells were analyzed at 18 h post infection for ROS (A4). The median intensity of live cells relative to that in
noninfected cells with vehicle treatment is shown. Intracellular bacteria numbers were determined at 2 and 18 h post infection (B). Representative Salmonella
colonies from cell lysate at 18 h are shown (B, Right). (C) Cell viability was assessed by SytoxGreen staining at 18 h post infection. (D) BMDMs were infected
with Salmonella using the same procedure of A and B. At 2 h of gentamicin treatment, culture medium was changed to the same medium with gentamicin
(left graph) or to a medium without antibiotics (right graph). (E) BMDMs were infected with Salmonella using the same procedure of A and B. A general ROS
scavenger, 20 pM tBHQ, was cotreated with 300 nM 5ZOZ. Representative Salmonella colonies from cell lysate at 18 h post infection are shown (Right). One-

way ANOVA, multiple comparisons, and Tukey test; N.S., not significant.

effectively restored by NAC treatment (Fig. 3B). We note here
that TAK1 gene deletion gradually kills BMDMs as the TAK1
protein level declines over 5 d, while the mouse macrophage cell
line RAW264.7 dies within 1 d with 5Z0Z treatment (33).
However, we did not observe profound cell death in BMDMs
under the current experimental conditions (Fig. 3C). The deter-
minant of TAK1 inhibition-induced macrophage death is not yet
fully clear as discussed also in an earlier study (9). Furthermore,
removal of extracellular gentamicin after 2 h treatment did not
affect the effectiveness of TAK1 inhibition in Salmonella growth
(Fig. 3D). This indicates that the reduced Salmonella number is
not due to Salmonella exposure to extracellular gentamicin after
macrophage death. The general ROS scavenger tBHQ had little
effects on reducing mitochondrial ROS and on restoring intra-
cellular Salmonella growth (Fig. 3E). Collectively, we conclude
that TAKI1 inhibition-induced mitochondrial ROS are the cause
of reduced intracellular Salmonella.

We further visually observed intracellular Salmonella in the
presence and absence of SZOZ (Fig. 44). The antibody against
Salmonella did not have any nonspecific staining (SI Appendix,
Fig. S44). Whereas rod-shaped Salmonella cells containing small
DNA particles were observed in untreated BMDMs, 5Z0Z
treatment elevated the number of disintegrated Salmonella,
many of which exhibited loss of DNA (Fig. 44 and SI Appendix,
Fig. S4B, yellow arrows). The number of such damaged intra-
cellular Salmonella was increased by 5Z0Z, and it was restored
by NAC treatment (Fig. 4B). Intracellular Salmonella is known to
reside in vacuoles, known as Salmonella-containing vacuoles (SCV).
We observed that intracellular Salmonella was partially colocalized
with the SCV marker, lamp1, while Salmonella was also found in
the cytoplasm (SI Appendix, Fig. S4C). Both cytoplasmic and SCV-
residing Salmonella may be targets for mitochondrial ROS, as an
earlier study demonstrated that mitochondrial ROS are delivered
to intracellular vacuoles through mitochondria-derived vesicles
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(34). We also found that cytoplasmic gram-positive bacterium, L.
monocytogenes, was effectively blocked by TAK1 inhibition (S
Appendix, Fig. S4 D and E). Collectively, TAK1 inhibition—
induced mitochondrial ROS destroy intracellular bacteria in the
cytoplasm and probably also in the bacteria-harboring vacuoles.

We next examined whether bacterial TAK1 inhibition results
in reducing colonization in host cells. We used YopJ-expressing
and yopJ-deficient Yersinia strains. YoplJ-expressing Yersinia
poorly colonized BMDMs compared with yopJ-deficient strains
(Fig. 4 C and D). NAC promoted YopJ-expressing Yersinia growth,
whereas NAC was less effective in promoting YopJ-negative Yer-
sinia growth (Fig. 4 C and D). These indicate that YopJ-induced
TAKI1 inhibition blocks intracellular Yersinia growth through
mitochondrial ROS.

Finally, we examined the involvement of cell death—signaling
molecules in mitochondrial ROS and blockade of intracellular
Salmonella growth. TAKI inhibition or Takl gene deletion ul-
timately causes cell death in which both caspase 8 and RIPK3
pathways participate (2, 9, 10, 33). To determine whether they
are also mediators of mitochondrial ROS, we generated BMDMs
harboring single, double, and triple deletion of Takl, Casp8, and
Ripk3. Like Takl, CaspS single-knockout mice are lethal during
embryogenesis (35), and therefore, we used the inducible Cre
system for Takl and Casp8 gene deletions. The Casp8 deletion
alone moderately up-regulated mitochondrial ROS at 5 d after the
initiation of gene deletion (Fig. 5 A and B). Tak!l deficiency—
induced mitochondrial ROS was not reduced by additional single
deletions of either Casp8 or Ripk3 (Fig. 5 A and B). However,
triple deletion of Tak!, Casp8, and Ripk3 exhibited no increase of
mitochondrial ROS (Fig. 5 A and B), in which we did not observe
any increase in mitochondrial fragmentation (Fig. 5C). These
demonstrate that both caspase 8 and RIPK3 participate in TAK1
inhibition-induced mitochondrial ROS. Intracellular Salmonella
growth was examined in BMDMSs harboring Casp8 and Ripk3
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Fig. 4. Intracellular Salmonella and Yersinia. (A and B) TAK1 inhibition destroys intracellular Salmonella. BMDMs were infected with Salmonella, MOI of 10,
and were treated with 300 nM 5Z0OZ and/or 3 mM NAC. Cells were incubated with MitoTracker Red at 18 h post infection. Intracellular Salmonella was vi-
sualized by immunofluorescence staining of anti-Salmonella. Bottom shows enlarged pictures of the 5Z0Z-treated cell. Yellow arrows indicate damaged
Salmonella having no DNA. Yellow asterisk indicates an intact Salmonella cell. (Scale bars, 20 pm in Top and Middle; 5 pm in Bottom.) Quantification of the
proportion of damaged intracellular Salmonella is shown in B. Each data point represents one BMDM cell. Data from 30 cells per each treatment in three
independent animal-derived BMDM s are shown. (C and D) One YopJ-expressing and two yopJ-deficient Y. enterocolitica strains were infected in BMDMs (MOI
of 10). Bacteria colonies of two technical replicate spots from intracellular Yersinia at 18 h post infection with and without 3 mM NAC are shown (C). The
bacteria number was quantified at the initial invasion, 30 min (D, left graphs), and at the intracellular maintenance/proliferation phase, 18 h (D, Right graphs).
One-way ANOVA, multiple comparisons, and Tukey test (B); unpaired two-way Student’s’ t test (D).

single and double deletions (Fig. 5 D-F). TAKI inhibition up-
regulated mitochondrial ROS and was still capable of blocking
intracellular Salmonella growth in Casp8 or Ripk3 single-deficient
BMDMs (Fig. 5 D and E). However, TAK1 inhibition—induced
mitochondrial ROS and blockade of Salmonella growth were
completely abolished in Casp8 and Ripk3 double-deficient BMDMs
(Fig. 5F). These results demonstrate that caspase 8 and RIPK3
cell death-signaling pathways are critical in mediating TAK1
inhibition-induced mitochondrial ROS to block intracellular
bacterial growth. We note here that autocrine TNF is partially
accountable for Tak! deficiency-induced macrophage death (33).
Thus, TNF may be a mediator of these events. However, we found
that gene deletion of the major TNF receptor, Tnfrl, did not ef-
fectively blunt TAK1 inhibition-induced mitochondrial ROS or
blockade of intracellular Salmonella growth (SI Appendix, Fig. S5).
Thus, in this context, PRRs but not TNF may be the predominant
mediators of caspase 8 and RIPK3 pathways.

Discussion

Beside their prominent role as energy powerhouses, mitochon-
dria play pleiotropic roles in innate immunity and cell death (36).
Mitochondria have also been emerging as means for directly
attacking invasive pathogens through releasing mitochondrial ves-
icles (34, 37) and itaconate (38). Our current study further revealed
that mitochondria are actively modulated to produce ROS in re-
sponse to bacterial inhibition of the host inflammatory signaling
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pathway. We have determined that caspase 8 and RIPK3 coop-
eratively participate in TAK1 inhibition-induced mitochondrial
ROS. Caspase 8 not only induces apoptosis but also cleaves the
pore-forming protein gasdermin D leading to pyroptosis, and
RIPK3 induces another pore formation by MLKL oligomeriztion
leading to necroptosis (39). TAK1 ablation indeed ultimately kill
macrophages (33). Cell killing could provide an additional layer of
host defense by eliminating pathogen colonizing niches. However,
it alone might be inefficient to block pathogen spreading as many
bacterial pathogens colonize both intracellular and extracellular
environments. Our study provides evidence of host’s sophisticated
strategy in that host cells kill intracellular pathogens before killing
themselves to prevent pathogen spreading.

TAKI1 is a major signaling intermediate of inflammatory re-
sponses. However, mouse studies of tissue-specific Tak! gene
deletion have shown that loss of TAK1 does not alleviate in-
flammation in many tissues. On the contrary, Tak! gene deletion
itself elicits inflammation and cell death through ROS even
during embryogenesis, in which limited inflammatory stimuli are
present. We propose that this puzzling phenotype is the revela-
tion of the previously unrecognized host defense mechanism to
block intracellular pathogen colonization in response to TAK1
inhibition. Engineered Takl gene deletion (TAK1 loss) is mis-
interpreted as pathogen attack in the tissues, which elevates
mitochondrial ROS leading to inflammation and ultimately cell
death.
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Fig. 5.

Caspase 8 and RIPK3 cooperatively mediate Tak1 deficiency-induced mitochondrial ROS and blockade of intracellular Salmonella growth. (A) BMDMs

were incubated with 40HT or vehicle (ethanol) for 5 d. Relative MFIs of MitoSOX in live cells relative to vehicle-treated BMDMs are shown. (B) Representative

flow cytometric data in A. (C) Tak1'© Casp8™*© Ripk3~~ BMDMs were incubate

d with 40HT or vehicle for 5 d. Mitochondrial fragmentation was quantified as

described in Fig. 2B. (D-F) BMDMs were infected with Salmonella (MOI 10) for 30 min. Extracellular Salmonella was killed by gentamicin. Relative MFIs of
MitoSOX in live cells relative to vehicle-treated BMDMs at 18 h post infection are shown (left graph). Intracellular Salmonella numbers were determined at 2 h
and 18 h post infection (middle and right graphs). Representative Salmonella colonies are shown (Right). One-way ANOVA, multiple comparisons, and Tukey

test; N.S., not significant.

Besides Takl, gene deletion of other signaling intermediates
associated with inflammatory responses such as IkB kinases
(Ikbkb, Ikbkg) and receptor-interacting protein kinase 1 (Ripkl)
also causes embryonic lethality in the mouse models (40-45).
Furthermore, inflammation-associated cell death pathway mol-
ecules, Casp8 and Ripk3, also cause mouse embryonic lethality
when deleted or mutated to destroy the catalytic activity, re-
spectively (46, 47). Embryonic lethality has been understood as
indication of their functional importance during embryogenesis.
However, there is little evidence that active inflammatory path-
ways are required during embryogenesis. Given our results, we
propose that the embryonic lethality caused by loss of signaling
molecules in inflammatory and cell death pathways may be due
to misinterpretation of gene manipulations as pathogen invasion.
These genes are likely dispensable for embryogenesis; however,
mammalian cells may have evolved the mechanism to exert al-
ternative inflammatory responses when these inflammatory sig-
naling molecules are disrupted. This alternative inflammatory
mechanism leads to severe tissue damage resulting in animal
mortality. It is noteworthy that the phenotypes (tissue damages)
of mice harboring some of these gene deletions are remarkably
similar even though their functional roles are totally different. A
typical example for such similarities is the phenotypes of Casp8
and Tak! gene deletion (46, 48). While caspase 8 is an apoptosis
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mediator, TAKI1 is an activator of inflammatory transcription
factors. However, the germline gene deletion of either gene results
in embryonic lethality around embryonic day 9 to 10 exhibiting
similar vascular defects. Furthermore, epidermal- and intestinal
epithelium-specific gene deletion of Casp8 or Takl exhibit almost
identical tissue damages (3, 4, 49-51). The phenotype similar-
ities may be explained if either gene deletion is interpreted as
pathogen invasion to activate the same alternative inflammatory
mechanism.

Bacterial effectors attack a variety of host defense mechanisms
including the small G protein RHO, which plays critical roles in
cytoskeleton rearrangement processes, such as phagocytosis, in
response to pathogen invasion (52). Shao’s group discovered that
bacterial inhibition of RHO activates pyrin-inflammasome,
which is an alternative host defense to fight back the pathogens
inhibiting RHO-dependent host defense (53). This mechanism
was thought to be somewhat similar to evolution in plant innate
immunity in which host recognizes consequences of the patho-
gen’s virulence factors in the host but not directly pathogen-
derived molecules. This type of evolution in the immune sys-
tem is referred to as “guard theory” (54). Our finding of TAK1
inhibition-induced mitochondrial ROS may be a second example
of such a category of host defense mechanisms in mammals.
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Materials and Methods

BMDMs and Bacteria. Bone marrow cells from wild-type, Tak1%® [Rosa26-
CreERT (18) Tak17/flox (55)], Ripk3™~ (56), Casp8*® [Casp8oflox (35)
Rosa26.CreERT], Casp8~~ (spontaneously acquired from Casp8/ox/flox)
Ripk3™", Tnrfr1”(57), and littermate or age-matched no-Cre control mice
were isolated. The genotypes were determined by PCR and were confirmed
by Western blotting. The mouse care and the procedure of bone marrow
isolation were conducted with the approval of the North Carolina State
University Institutional Animal Care and Use Committee. Bone marrow cells
were isolated with a standard method and were cultured in macrophage
media; Dulbecco’s modified Eagle’s medium supplemented with 10% bovine
growth serum (HyClone), 50 I.U./mL penicillin-streptomycin, and 30% L929
conditioned media at 37 °C with 5% CO,. After 3-d culture, fully differen-
tiated BMDMs were replated and treated with 0.3 pM 40HT or vehicle
(ethanol) alone for 5 d to achieve complete Tak? gene deletion. S. enterica
Typhimurium LT2, L. monocytogenes serotype 1/2b strain 2011L-2858, im-
plicated in a major outbreak of listeriosis via contaminated cantaloupe in
2011 (58), Y. enterocolitica WA, which express YopJ (59), Y. enterocolitica
[ATCC 9610, SK 3181 (60)], which are not expressing YoplJ, and E. coli strain
DH5-o were used in this study. Salmonella and E. coli were culture in
Luria—-Bertani (LB) broth, and Listeria and Yersinia were cultured in brain
heart infusion (BHI) broth (BD Bioscience) at 30 °C.

Reagents. TAK1 protein kinase inhibitors, 300 nM 5Z0z (11), and 10 uM
Takinib (17) were used. Sodium sulfide (0.4 mM), 3 mM cysteine, 3 mM NAC,
1 mM tBHP, and 20 pM tBHQ (Sigma-Aldrich) were also used. To measure the
level of ROS, 8 pM CM-H2DCFDA (Thermo Fisher Scientific), 1.25 pM MitoSOX
(Thermo Fisher Scientific), and 10 pM MitoPY1 (TOCRIS) were used. To
monitor cell viability and to visualize mitochondria, 30 nM Sytox Green,
10 nM Sytox Red, and 500 nM MitoTracker Red CMXRos (Thermo Fisher
Scientific) were used, respectively. Antibodies against TOM20 (FL-145, Santa
Cruz), Salmonella (Salmonella group antigen, Bio-Rad), Myc (9E10, Santa
Cruz), and green fluorescent protein (GFP; GT859, GeneTex), phospho-
TAK1(Thr187) (4536, Cell Signaling), TAK1 (61), phospho-JNK (9251, Cell
Signaling), JNK (sc-571, Santa Cruz), phospho-p38 (9211, Cell Signaling), p38
(sc-7972, Santa Cruz), and p-actin (AC-15, Sigma-Aldrich) were used. LPS from
Salmonella Minnesota (Sigma-Aldrich), gentamicin sulfate (VWR), and 40HT
(Sigma-Aldrich) were also used.

ROS Analysis. BMDMs were washed with phosphate-buffered saline (PBS) and
were detached from culture plates with gentle scraping. Cells were precip-
itated with centrifugation at 5,000 g for 1 min were incubated with mixtures
of 8 uM CM-H2DCFDA and 10 nM Sytox Red or 1.25 pM MitoSOX and 30 nM
Sytox Green in PBS for 30 min at room temperature. Live (Sytox dye-nega-
tive) cells were gated, and the median fluorescence intensities (MFls) were
determined with a flow cytometer (Accuri C6 Plus, BD Bioscience) and
FlowJo software (BC Bioscience). For microscopic ROS analysis, cells were
cultured in chambered coverslips (IBID). At 16 h posttreatment, 10 pM
MitoPY! was added to the medium, which was followed by a 30-min incu-
bation with 500 nM MitoTracker Red. Images were captured with FV3000
confocal microscopy (Olympus) with 60x oil objective lens (UPLXAPO60X0O)
and Fluoview software (FV30S-SW). To determine the role of acetyl-
transferase of YopJ, HeLa-RIPK3 (16) were used. HeLa-RIPK3 were cultured
with Dulbecco’s modified Eagle’s medium supplemented with 10% bovine
growth serum (HyClone) and were cotransfected with an enhanced green
fluorescent protein—expressing vector and mammalian expression vectors
for Myc-tagged empty, Myc-tagged YoplJ, or Myc-tagged acetyltransferase-
dead mutant YopJ (32) at the ratio of 1:10 using TransIT-X2 (Mirus Bio). At
this ratio of the plasmids, we anticipated that most GFP-positive cells
expressed wild-type or mutant Yopl. At 24 h post transfection, cells were
treated with vehicle or 50 ng/mL human TNF (Peprotech). Cells were har-
vested at 48 h post transfection and were incubated with a mixture of 1.25
uM MitoSOX and 10 nM Sytox Red. Live (Sytox Red—-negative) GFP-expressing
cells were gated, and the MFI with a fluorescence compensation was de-
termined with flow cytometry (Accuri C6 Plus, BD Bioscience) and FlowJo
software (BC Bioscience).

Western Blotting. BMDMs and Hela-RIPK3 cells were lysed in extraction
buffer (20 mM Hepes [pH 7.4], 150 mM NaCl, 12.5 mM B-glycerophosphate,
1.5 mM MgCly, 2 mM EGTA, 10 mM NaF, 2 mM DTT, 1 mM Na3VO,4, 1 mM
PMSF, 20 MM aprotinin, and 0.5% Triton X-100). The cell extracts were re-
solved using sodium dodecyl sulphate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes (Thermo Fisher
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Scientific). The membranes were immunoblotted, and the bound anti-
bodies were visualized with horseradish peroxidase-conjugated antibodies
using the WesternSure PREMIUM Chemiluminescent Substrate (LI-COR
Biosciences).

Immunofluorescence Staining of BMDMs. BMDMs were seeded on glass cov-
erslips (#1.5) in 6-well plates and were incubated with MitoTracker Red in PBS
for 30 min prior to 4% paraformaldehyde fixation for 10 min at room
temperature. Fixed cells were permeabilized with methanol for 10 min at
—30 °C and were incubated with a blocking buffer, PBS containing 5% goat
serum for 30 min at room temperature. The cells were incubated with anti-
TOM20 (1:200) and/or anti-Salmonella (1:1,000) antibodies followed by in-
cubation with anti-rabbit 1gG conjugated with Alexa 594 or Alexa 488, re-
spectively (1:1,000, Thermo Fisher Scientific). Cells were then counterstained
with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). The coverslips
were mounted with 50% glycerol and were observed by a fluorescence
microscope (model BX41; Olympus) with a 20x objective lens (UPLXAPO20X)
or by a confocal microscope (FV3000, Olympus) with a 60x oil objective
(UPLXAPO60XO). For quantification of mitochondrial morphology, eight or
more images each in samples from three different mice were randomly
captured with a 20x objective lens and analyzed. Cells having greater than
50% area of mitochondria showing fragmented morphology were counted
as cells with fragmented mitochondria. For quantification of intracellular
Salmonella, Z-stack (0.6 um slice interval) images with the 60x objective lens,
covering entire cells, were captured. Randomly picked 30 cells per each
treatment from samples from three different mice (10 cells per each animal)
were used. Salmonella cells without any associated DAPI staining were
counted as damaged bacteria. For quantification of the proportion of
Salmonella-infected cells, five or more images were randomly captured with
10x objective lens for each treatment from three different mice. The pro-
portion of cells with positive Salmonella staining of each image was regis-
tered as a data point.

Bacterial Infection. Bacteria were precultured overnight and were inoculated
into fresh culture broth at 1:10 dilution. After 1.5-h incubation at 30 °C,
bacterial numbers were enumerated by optical density, and bacteria were
suspended in PBS after centrifugation at 5,000 g for 10 min. BMDMs were
seeded on 6-well plates for ROS analysis or 12-well plates for bacterial colony
number analysis 1 to 3 d before infection. When cells reached to the con-
fluency level at 80 to 100%, the culture medium was changed to one
without any antibiotics, and the cell numbers per wells were counted. The
cells were incubated with the indicated multiplicity of infection (MOI) of
Salmonella and Listeria for 30 min or of Yersinia for 2 h at 37 °C in 5% CO..
The cells were then washed with sterile PBS and incubated in a medium
supplemented with gentamicin (100 pg/mL) for 2 h with the indicated
chemicals. After 2-h incubation, the culture medium was changed to a
standard medium supplemented with 50 I.U./mL penicillin-streptomycin
together with the indicated chemicals. To determine the initial invasion
efficiency, at 2 h for Salmonella and Listeria or at 30 min for Yersinia after
starting the gentamicin treatment, the cells were washed with sterile PBS
and lysed in PBS containing 0.2% Triton X-100. To determine the intracel-
lular bacterial growth, cells were washed with sterile PBS and lysed in PBS
containing 0.2% Triton X-100 at 18 h post infection. Serial dilutions of the
lysates were spotted (10 pL/spot) on agar plates (LB agar for Salmonella; BHI
agar for Listeria and Yersinia) for enumeration of intracellular bacteria. To
determine YopJ and 5Z0Z inhibition of TAK1, BMDMs were infected with
Yersinia stains: WA, 9610, YE, with an MOI of 10 for 2 h at 37 °Cin 5% CO..
Cells were treated with gentamicin (100 ug/mL) for 30 min, then with
52Z0Z for 1 h. Cells were lysed in extraction buffer and analyzed by
immunoblotting.

Statistical Analysis. All experiments were conducted in BMDM s isolated from
at least three mice as indicated. The results are confirmed by at least three
separately performed experiments. The box and whisker graphs represent
the mean (middle line), the 25th and 75th percentiles (box), the minimum and
maximal date points (whisker), and all data points. Differences between
experimental groups were assessed for significance by using the one-way
ANOVA with Tukey multiple comparisons test, the unpaired Student’s t test
(two-tailed) with equal distributions, the simple linear regression test, or the
one sample t and Wilcoxon test as indicated in the figure legends.

Data Availability. All study data are included in the article and/or S/ Appendix.
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