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ABSTRACT Autophagy is a natural defense mechanism that protects the host against
pathogens. We previously demonstrated that mycobacterial infection upregulated tu-
mor necrosis factor-like weak inducer of apoptosis (TWEAK) to promote autophagy
and mycobacterial autophagosome maturation through activation of AMP-activated
protein kinase (AMPK). Fibroblast growth factor-inducible 14 (Fn14) is the receptor of
TWEAK. But the role of Fn14 in mycobacterial infection remains elusive. Herein, we
observed increased expression of Fn14 in peripheral blood mononuclear cells of active
tuberculosis (TB) patients. Downregulation of cellular Fn14 enhanced mycobacterial
survival in macrophages. Conversely, Fn14 overexpression inhibited mycobacterial
growth, suggesting that Fn14 can inhibit mycobacterial infection. The in vitro results
revealed that TWEAK-promoted mycobacterial phagosome maturation is Fn14-depend-
ent. We demonstrated that TWEAK-Fn14 signaling promotes oxidative stress to
enhance the expression of stromal interaction molecule 1 (STIM1) and its activation of
the Ca21 channel ORAI1. Elevated calcium influx stimulated the activation of CaMCCK2
(calcium/calmodulin-dependent protein kinase kinase 2) and its downstream effector
AMPK, thus inducing autophagy in early infection. Persistently TWEAK-Fn14 signaling
caused cell death in late infection by reducing mitochondrial membrane potential,
leading to mitochondrial ROS accumulation, and activating cell death-associated pro-
teins. Genetic Fn14 deficiency or TWEAK blockers decreased oxidative stress-induced
calcium influx, thus suppressing autophagy and cell death in mycobacteria-infected
macrophages, and resulting in elevated mycobacterial survival. We propose that the
TWEAK-Fn14 axis and calcium influx could be manipulated for anti-TB therapeutic pur-
poses. Our results offer a new molecular machinery to understand the association
between the TWEAK-Fn14 axis, calcium influx, and mycobacterial infection.

IMPORTANCE Tuberculosis remains a major cause of morbidity and mortality world-
wide. We previously demonstrated a relationship between TWEAK and activation of
the autophagic machinery, which promotes anti-mycobacterial immunity. The TWEAK-
Fn14 axis is multi-functional and involved in the pathogenesis of many diseases, thus
blockade of TWEAK-Fn14 axis has been considered as a potential therapeutic target.
Here, we demonstrated that the TWEAK-Fn14 axis plays a novel role in anti-mycobac-
terial infection by regulating calcium-associated autophagy. Persistently, TWEAK-Fn14
signaling caused cell death in late infection by reducing mitochondrial membrane
potential, leading to mitochondrial ROS accumulation, and activating cell death-associ-
ated proteins. TWEAK blocker or Fn14 deficiency could suppress oxidative stress and
calcium-associated autophagy, resulting in elevated mycobacterial survival. We pro-
pose that the TWEAK-Fn14 axis and calcium influx could be manipulated for anti-TB
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therapeutic purposes. This study offers a new molecular machinery to understand the
association between the TWEAK-Fn14 axis, calcium influx, and mycobacterial infection.
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Tuberculosis (TB) is a major cause of morbidity and mortality worldwide. Autophagy
is a well-conserved lysosomal degradation pathway that plays a key role in the

innate defense mechanism against Mycobacterium (1), and is modulated by proinflam-
matory cytokines (2). Tumor necrosis factor (TNF) a mediates inflammation in response
to Mycobacterium tuberculosis (3), but is also a key factor in the pathogenesis of rheu-
matoid arthritis and other autoimmune diseases (4). Accumulating evidence has shown
that an elevated risk of latent TB infection (LTBI) reactivation and TB infection occurred
in rheumatic patients receiving anti-TNF-a therapy (5, 6). Tumor necrosis factor-like
weak inducer of apoptosis (TWEAK) is a TNF ligand superfamily member that mediates
pleiotropic effects on a variety of cells via its receptor, fibroblast growth factor-induci-
ble 14 (Fn14), and is mainly expressed in myeloid and immune cells (7). Increasing evi-
dence has demonstrated that the TWEAK-Fn14 signaling pathway is implicated in
several cell functions (8–11). But the role of TWEAK-Fn14 in infection is poorly under-
stood. Previously, we demonstrated that TWEAK-induced autophagy and promoted
mycobacterial autophagosome maturation through activation of AMP-activated pro-
tein kinase (AMPK) (12). After achieving LTBI status, increased intracellular microRNA-
889 inhibited TWEAK expression to maintain mycobacterial survival (12). But the role of
Fn14 in tuberculosis is uncertain.

Moreover, previous studies have observed that TWEAK and Fn14 are abundantly
expressed in patients with rheumatic diseases, including rheumatoid arthritis, psoriatic
arthritis, and systemic lupus erythematosus (13, 14). This raises the possibility that
blocking TWEAK-Fn14 signaling may be of therapeutic benefit in inflammatory status
(15). An elevated risk of TB was found in patients receiving anti-TNF-a therapy, but the
effect of TWEAK-Fn14 blockade on TB diseases is unclear. In this study, we sought to
investigate the role of Fn14 and dissect the regulatory mechanism of the TWEAK-Fn14
axis in control mycobacterial infection.

RESULTS
Increased levels of TWEAK secretion and Fn14 expression in TB patients. Our in

vitro results showed that Mycobacterium induced TWEAK upregulation (12). In order to
validate this data, we analyzed the expression of TWEAK in patients with active TB. An
increased level of TWEAK was revealed in the serum of active TB patients (n = 20,
826.5 6 182.3 pg/mL, P , 0.005) (Fig. 1A), compared to those in healthy controls
(n = 30, 382.2 6 75.7 pg/mL). We further analyzed the expression of Fn14 in the PBMCs
of TB patients using qRT-PCR. The trend of Fn14 expression was similar to that of
TWEAK, with elevated levels of Fn14 being observed in TB patients compared to those
in healthy controls (1.87 6 0.40-fold versus 1.00 6 0.20-fold, P , 0.005) (Fig. 1B).
Moreover, Fn14 expression increased after M. tuberculosis H37Rv/BCG infection, or
heat-killed M. tuberculosis (HKMT) treatment in a dose- (H37Rv [Fig. 1C], BCG [Fig. S1A],
HKMT [Fig. S1C]) and time-dependent manner (H37Rv [Fig. 1D], BCG [Fig. S1B], HKMT
[Fig. S1D]), respectively. The cell viability of THP-1 cell-derived macrophages was
decreased after H37Rv infection, compared to those without infection (Fig. S1E) (72 h
postinfection: 2.15 6 0.07 � 104 RLU versus 2.87 6 0.05 � 104 RLU, P , 0.005). A simi-
lar trend was observed in cells with BCG infection (1.73 6 0.03 � 104 RLU versus
2.87 6 0.05 � 104 RLU, P, 0.005).

Fn14 inhibits intracellular mycobacterial growth. To determine the biological
function of Fn14 in mycobacterial infection, THP-1 cell-derived macrophages were
transfected with siFn14 to knockdown Fn14 expression, and then the cells were
infected with H37Rv at a multiplicity of infection (MOI) of 10. The dynamic of H37Rv
growth in macrophages was measured using colony formation unit (CFU) assay (Fig.
S1F). Increased mycobacterial survival was detected in Fn14 knockdown cells at 72h
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FIG 1 TWEAK-Fn14 signaling is involved in mycobacterial infection. Increased levels of (A) TWEAK
secretion and (B) Fn14 expression in TB patients. (C) and (D) Fn14 expression is increased after
mycobacterial infection in a (C) dose- and (D) time- dependent manner. (E-H) THP-1 cell-derived
macrophages were transfected with (E) and (F) siFn14 to knock-down Fn14 or (F) and (G) pCMV-Fn14
to overexpress Fn14. After 48 h, cells were infected with M. bovis BCG or M. tuberculosis H37Rv at an
MOI of 10 for 72 h. (E) and (G) The expression of Fn14 was detected using immunoblotting, and (F)
and (H) mycobacterial survival was measured using CFU assay. Immunoblotting bands from b-actin
were densitometrical measured by ImageJ to determine the lane normalization factor for samples. All
experiments were performed in triplicate, and data are presented as the mean 6 SD. An unpaired,
two-tailed Student’s t-test was performed for between-group comparisons using GraphPad Prism
software version 8. The image shown is from a single experiment that is representative of at least three
separate experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.005.
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postinfection, compared to those in transfection control cells or mock cells
(4.48 6 0.24 � 105 CFU/mL versus 3.24 6 0.29 � 105 CFU/mL versus 3.18 6 0.41 � 105

CFU/mL, P , 0.05). To further confirm our observation, Fn14 knockdown cells or con-
trol cells were infected with BCG or H37Rv at an MOI of 10 for 72 h, respectively. The
results showed that when intracellular Fn14 was knocked down efficiently (Fig. 1E), a
higher survival of Mycobacterium was detected in Fn14-knockdown cells compared with
control knockdown cells (BCG: 4.33 6 0.45 � 105 CFU/mL versus 2.53 6 0.15 � 105 CFU/
mL, P , 0.05; H37Rv: 4.84 6 0.76 � 105 CFU/mL versus 3.24 6 0.29 � 105 CFU/mL,
P, 0.05) (Fig. 1F). Conversely, when Fn14 was overexpressed (Fig. 1G),Mycobacterium sur-
vival was reduced (BCG: 1.83 6 0.20 � 105 CFU/mL versus 2.57 6 0.25 � 105 CFU/mL,
P , 0.05; H37Rv: 2.57 6 0.10 � 105 CFU/mL versus 3.15 6 0.27 � 105 CFU/mL, P , 0.05)
(Fig. 1H).

TWEAK-induced autophagy through its receptor Fn14. To determine whether
TWEAK induces autophagy through its receptor Fn14, THP-1 cell-derived macrophages
were transfected with siFn14 to knockdown Fn14 expression, and then the cells were
treated with TWEAK (100 ng/mL). Significantly lower Fn14 expression was observed in cells
transfected with siFn14 compared to control knockdown cells, indicating the efficiency of
knock-down (0.61 6 0.03-fold, P , 0.005) (Fig. 2A and B). Increased levels of Fn14 were
induced in naive (2.43 6 0.06-fold, P , 0.005) and control knockdown cells (2.26 6 0.16-
fold, P , 0.005) after treating with TWEAK, but this effect was lacking in Fn14 knockdown
cells (0.786 0.03-fold, P, 0.005). The results suggested that TWEAK induces Fn14 expres-
sion. Higher expression of LC3-II (Fig. 2A and C) was detected in naive cells (2.24 6 0.11-
fold, P , 0.01) and control knockdown cells (2.16 6 0.35-fold, P , 0.05) 24 h post-TWEAK
treatment; however, there was no significant difference in LC3-II expression induced in
Fn14-knockdown cells with TWEAK stimulation (0.95 6 0.03-fold). Similar trends were
detected in phosphorylated AMPK (Fig. 2D) and Beclin-1 expression (Fig. 2E), suggesting
that TWEAK-induced autophagy is Fn14-dependent.

We further investigated whether Fn14 could induce autophagy directly in the absence of
TWEAK. As shown in Fig. S2, there was no significant difference in the expression of autoph-
agy-related proteins (e.g., LC3-II, and Beclin-1) between Fn14 over-expressing cells and con-
trol cells in the absence of TWEAK, suggesting that Fn14 cannot induce autophagy directly
and is required to interact with TWEAK to induce autophagy. In addition, we observed that
there was no significant difference in cell viability between Fn14 over-expressing cells and
control cells (2.81 6 0.13 � 104 RLU versus 2.88 6 0.06 � 104 RLU) (Fig. S1G). After H37Rv
infection, the levels of decreased cell viability in Fn14 over-expressing cells was slightly more
than control cells (1.986 0.24� 104 RLU versus 2.156 0.07� 104 RLU).

TWEAK promotes mycobacterial phagosome maturation via Fn14. Next, we
investigated the role of Fn14 in mycobacterial phagosome maturation using Fn14
knockdown cells with H37Rv or BCG infection. Approximately 3-fold greater expression
of LC3-II was detected in THP-1 cells 24 h post-H37Rv infection (P , 0.005) (Fig. 2F);
however, lower LC3-II expression was noted in Fn14-knockdown cells infected with
H37Rv (P , 0.005) compared with that in control knockdown cells or naive (RPMI me-
dium treatment control, solvent control [SC]) cells. The effect of Fn14 on autophagic
activity was further examined using THP-1 cells stably expressing the RFP-GFP-LC3
fusion protein. As shown in Fig. 2G, H37Rv infection induced autophagic flux was
diminished when intracellular Fn14 was knocked down. The similar results were shown
in cells with BCG infection (Fig. S3). Taken together, our data suggested that Fn14 plays
a key role in Mycobacterium-induced autophagy.

To confirm the role of TWEAK-Fn14 in mycobacterial phagosome maturation, wild
type or Fn14 knockdown cells were infected with Texas Red-labeled BCG at an MOI of
10, and the formation of autophagosomes containing BCG was examined using confo-
cal microscopy. Our results showed elevated autophagosome maturation, reflected by
co-localization of BCG with LysoTracker dye in TWEAK-treated cells compared with
control cells (38.7 6 3.1 versus 17.7 6 2.5%, P , 0.005) (Fig. 2H). Reduced autophago-
some maturation was revealed in Fn14-knockdown cells with BCG infection, compared
to that in THP-1 naive cells (9.3 6 3.1 versus 17.7 6 2.5%, P , 0.05), suggesting that
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FIG 2 TWEAK-induced autophagy and mycobacterial phagosome maturation through Fn14. (A) to (E) THP-1 cell-derived macrophages
were transfected with siFn14 to knockdown Fn14 expression, then cells were treated with TWEAK (100 ng/mL). The Fn14, AMPK
phosphorylated at Thr172 (pAMPK), ULK1 phosphorylated at Ser555 (pULK1), Beclin-1, Atg5, LC3, and b-actin levels were detected
and quantified using immunoblotting analysis. (F) Fn14 knockdown cells were infected with M. tuberculosis H37Rv at an MOI of 1 for

(Continued on next page)
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Fn14 plays a crucial role in autophagosome maturation. In addition, the effect of
TWEAK on the induction of mycobacterial autophagosome formation was not signifi-
cant in Fn14 knockdown cells (13.3 6 3.1 versus 9.3 6 3.1%). These findings suggest
that Fn14 is required for TWEAK-promoted mycobacterial autophagosome formation
and maturation.

TWEAK-Fn14 induced autophagy is reactive oxygen species-dependent.
Accumulating evidence has shown that autophagy is regulated by reactive oxygen
species (ROS) (16). We observed that TWEAK induces the production of cytosolic ROS
(1.95 6 0.15-fold, P , 0.01) (Fig. 3A) and mitochondrial ROS (mROS) (2.26 6 0.06-fold,
P , 0.005) (Fig. 3B), which is consistent with other reports (17, 18). In addition, we
showed that the effects of TWEAK on the production of cytosolic ROS and mROS were
both diminished when Fn14 was knocked down, suggesting that TWEAK promotes cy-
tosolic ROS/mROS production by interacting with Fn14.

We further investigated whether TWEAK-Fn14 induces autophagy by regulating ROS
production. Nicotinamide-adenine dinucleotide phosphate oxidase (NOX) is crucial for
the production of ROS. As shown in Fig. 3C, TWEAK-induced activation of AMPK, and the
expression of autophagy-related proteins LC3-II, Beclin-1, and Atg5, were almost com-

FIG 2 Legend (Continued)
24 h. The levels of Fn14, phosphorylated AMPK, phosphorylated ULK1, Beclin-1, LC3, and b-actin were detected by immunoblotting. (G)
THP-1 cells stably expressing RFP-GFP-LC3 fusion protein were transfected with Fn14 siRNA to knockdown Fn14. After 24 h, cells were
infected with M. tuberculosis H37Rv at an MOI of 1 for 24 h. The RFP-GFP-LC3 puncta were detected by confocal microscopy (upper
panel) and quantified (lower panel). Bafilomycin A1 (BafA1, 100 nM) treatment were used as positive control. (H) THP-1 cell-derived
macrophages were treated with the indicated reagent for 24 h, then infected with Texas Red-labeled M. bovis BCG for 2 h and stained
with LysoTracker Green (LT) dye. LT (green) and BCG (red) were detected by confocal microscopy (upper panel). The fraction (%) of
mycobacterium-containing phagosomes colocalizing with LT was quantified (lower panel). RPMI medium were used as solvent control
(SC). Immunoblotting bands from b-actin were densitometrical measured by ImageJ to determine the lane normalization factor for
samples. All experiments were performed in triplicate, and data are presented as the mean 6 SD. An unpaired, two-tailed Student’s
t-test was performed for between-group comparisons using GraphPad Prism software version 8. The image shown is from a single
experiment that is representative of at least three separate experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.005.

FIG 3 TWEAK-Fn14-induced autophagy is ROS-dependent. TWEAK-induced elevated (A) cytosolic ROS, and (B) mitochondrial ROS production in
THP-1 cells is Fn14-dependent (C). THP-1 cell-derived macrophages were treated with TWEAK (100 ng/mL) in the absence or presence of the
ROS scavenger N-acetyl-L-cysteine (NAC), the NOX inhibitor diphenyleneiodonium (DPI), or the mitochondria-specific superoxide scavenger
MitoTEMPO (MT) for 24 h. AMPK phosphorylated at Thr172 (pAMPK), total AMPK, ULK1 phosphorylated at Ser555 (pULK1), total ULK1, Beclin-1,
Atg5, LC3, and b-actin levels were detected by an immunoblotting analysis. PBS was used as solvent control (SC). Immunoblotting bands from
b-actin were densitometrical measured by ImageJ to determine the lane normalization factor for samples. All experiments were performed in
triplicate, and data are presented as the mean 6 SD. An unpaired, two-tailed Student’s t-test was performed for between-group comparisons
using GraphPad Prism software version 8. The image shown is from a single experiment that is representative of at least three separate
experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.005.

TWEAK-Fn14 in TB Microbiology Spectrum

November/December 2022 Volume 10 Issue 6 10.1128/spectrum.03172-22 6

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.03172-22


pletely inhibited in the presence of the ROS scavenger N-acetyl-L-cysteine (NAC), the
NOX inhibitors diphenyleneiodonium (DPI), and the mitochondria-specific superoxide
scavenger MitoTEMPO (MT). Our results revealed that ROS play a crucial role in TWEAK-
Fn14-induced autophagy.

TWEAK-Fn14 induced autophagy by promoting calcium influx. Chinopoulos
et al. have revealed that there is a close association between oxidative stress and cal-
cium influx (19). We demonstrated that TWEAK-Fn14 induced autophagy through
AMPK activation (12), and Hurley et al. (20) found that AMPK could be activated by cal-
cium/calmodulin-dependent protein kinase kinase 2 (CaMKK2), which is controlled by
an increase in intracellular calcium ions. Therefore, we investigated whether TWEAK-
Fn14 induced autophagy by regulating calcium influx. The immunoblotting results
showed that TWEAK-Fn14 induced CaMKK2 activation and increased autophagy-
related protein expression (Fig. 4A). This effect was suppressed in the presence of the
Ca21 chelator BAPTA-AM. This result suggests that TWEAK-Fn14-mediated autophagy
is associated with calcium ions. We further assessed the association between TWEAK-
Fn14 signaling and the variation in cytosolic calcium concentration using Fluo-4 AM
calcium indicator dye combined with flow cytometry. Increased intracellular calcium
levels were detected in cells treated with TWEAK (1.75 6 0.07-fold, P , 0.005) (Fig. 4B),
while calcium concentration was inhibited in the presence of BAPTA-AM or bepridil
hydrochloride (BHC, a calcium channel modulator). Moreover, the effect of TWEAK on
the intracellular calcium influx was diminished when Fn14 was knocked down (Fig. 4C),
suggesting that TWEAK enhances calcium influx by interacting with Fn14.

TWEAK-Fn14 enhances STIM1-ORAI1 expression by promoting ROS produc-
tion. We further analyzed the variation in calcium channel expression under TWEAK-
Fn14 axis activation (Fig. 4D). The results showed that elevated levels of calcium chan-
nel ORAI1 and its activator STIM1 were detected in THP-1-derived macrophages after
TWEAK treatment, but this effect was lacking when Fn14 was deficient. Additionally,
there was no significant difference in expression of other calcium channels, including
IP3R (IP3 [inositol 1,4,5-trisphosphate] receptor), and TRPM7 (transient receptor poten-
tial cation channel subfamily M member 7). We further confirmed the association
between TWEAK-Fn14 signaling-induced oxidative stress and calcium-autophagy using
pharmacological inhibition. As shown in Fig. 4E, TWEAK-Fn14 stimulated STIM1-ORAI1
upregulation, CaMKK2 activation, and inducing autophagy-associated proteins expres-
sion. But this effect was diminished in the presence of ROS inhibitor (DPI or
MitoTEMPO) and calcium release-activated channels (CRAC) inhibitor (BTP2). Taken to-
gether, our results show that the TWEAK-Fn14 axis upregulates STIM1-ORAI1 expres-
sion by promoting oxidative stress, thus causing a calcium influx that activates
CaMKK2 and autophagy-related proteins.

TWEAK-Fn14 enhances calcium-associated autophagy against mycobacterial
infection. Next, we investigated the role of TWEAK-Fn14 axis-induced calcium-associ-
ated autophagy in mycobacterial infection. We observed that mycobacterial infection
induced increased levels of cytosolic calcium (Fig. 5A and Fig. S4), which is consistent
with another report (21). However, this effect was diminished when intracellular Fn14
was knocked down or in the presence of TWEAK blocker, suggesting that the TWEAK-
Fn14 axis plays a key role in mycobacteria-induced intracellular calcium upregulation.
We further investigated the association between TWEAK-Fn14 signaling and calcium-
associated autophagy in mycobacterial infection. As shown in Fig. 5B, STIM1 and
ORAI1 were both increased in THP-1 cells with BCG infection, and were accompanied
by upregulation of endoplasmic reticulum (ER) stress marker C/EBP Homologous
Protein (CHOP) and BiP. However, these effects were suppressed in Fn14 knock-down
cells or in the presence of anti-TWEAK blocker. Our results show that TWEAK-Fn14 sig-
naling promotes calcium-associated autophagy against mycobacterial infection, maybe
by promoting oxidative stress to induce ER stress, and activate STIM1-ORAI1 calcium
channel to increase intracellular Ca21 levels.

TWEAK has been considered as a potential target for the development of novel
therapeutics. The biologic agent (BIIB023) that blocks TWEAK has completed a phase II
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FIG 4 TWEAK-Fn14 axis-induced oxidative stress promotes calcium-associated autophagy by activating STIM1-ORAI1 calcium channel. (A) THP-1 cell-derived
macrophages were stimulated with TWEAK (100 ng/mL) in the presence of the intracellular calcium chelator BAPTA-AM (10 mM). Phosphorylated CaMKK2, AMPK
phosphorylated at Thr172 (pAMPK), autophagy-associated proteins, and b-actin levels were detected and quantified using immunoblotting analysis. (B) THP-1 cell-
derived macrophages were stained with Fluo-4 AM (5 mM, 1h at 37°C), then treated with TWEAK for 10 min in the presence of BAPTA-AM or bepridil hydrochloride.
Calcium mobilization in Fluo-4 AM loading cells was detected and quantified using flow cytometry. (C) Fn14 knockdown or control cells were stained with Fluo-4
AM, then treated with TWEAK (100 ng/mL) for 10 min. The calcium mobilization in Fluo-4 AM loading cells was detected and quantified using flow cytometry. (D)
Fn14 knockdown or control cells were treated with TWEAK for 24 h. The Fn14, calcium channel, and autophagy-associated proteins were detected using
immunoblotting analysis. (E) THP-1 cell-derived macrophages were treated with TWEAK in the absence or presence of the NOX inhibitor diphenyleneiodonium (DPI),

(Continued on next page)
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clinical trial in rheumatic diseases therapy (22). We assessed the effects of TWEAK
blocker on mycobacterial survival. Our results revealed that adalimumab (TNF-
a-blocker) affects the host response, resulting in higher mycobacteria survival that is
consistent with a previous report (23). In addition, the higher survival of mycobacteria
was detected in cells treated with TWEAK blocker than in control cells (BCG:
3.94 6 0.22 � 105 CFU/mL versus 2.37 6 0.21 � 105 CFU/mL, P , 0.01 [Fig. 5C]; H37Rv:
4.31 6 0.51 � 105 CFU/mL versus 3.10 6 0.12 � 105 CFU/mL, P , 0.05, [Fig. 5D]). In
conclusion, our results indicate that TWEAK-Fn14 blocker could inhibit calcium-associ-
ated autophagy in mycobacterial infection and thus enhance mycobacteria survival.

TWEAK-Fn14 signaling induces cell death in late phase of BCG infection by
inducing mitochondrial ROS production. Autophagy can protect cells against death,
but it can also mediate cellular demise, depending on the specific circumstances (24).
Previous studies demonstrated that macrophages infected with attenuatedMycobacterium
BCG become apoptotic, which limits bacterial replication and contributes antigen presen-
tation (25). TWEAK-Fn14 signaling could induce multiple pathways of cell death (26), there-
fore, we assessed the effects of TWEAK-Fn14 on cell death during BCG infection. Elevated
Fn14 expression accompanied by increased cell death-associated proteins (e.g., receptor-
interacting protein kinase 1 [RIPK1], caspase 8, and cleavage caspase 3) were found in
THP-1-derived macrophages after BCG infection for 72 h (Fig. 6A). However, this effect was
suppressed in Fn14 knockdown cells (Fig. 6B), suggesting that TWEAK-Fn14 signaling
is involved in the regulation of cell death during BCG infection. We further confirmed
our result using an apoptosis/necrosis assay. An increased percentage of phos-
phatidylserine17-AAD- (early stage of apoptosis) cells was revealed in naive cells or trans-
fection control cells infected with BCG, compared to uninfected cells (Fig. 6C). But this
effect was decreased in Fn14 knockdown cells. The mitochondrial membrane potential
(MMP) plays a key role in early stages of apoptosis (27). Our results showed that TWEAK-
Fn14 induced Ca21 influx and accumulating evidence has revealed that Ca21 influx affects
MMP (28). Therefore, we analyzed the effect of TWEAK on MMP using MITO-ID dye
(Fig. 6D) and tetraethyl benzimidazolyl carbocyanine iodide (JC-1) staining (Fig. 6E). The
hypopolarized mitochondria lined the plasma membrane in cells treated with Ca21 iono-
phore A23187 or TWEAK, in contrast to the evenly distributed hyperpolarized mitochon-
dria in control cells (Fig. 6D). The MMP was decreased in cells after treatment with TWEAK
(Fig. 6E). Additionally, elevated mROS were induced in cells after BCG infection compared
to those without infection (Fig. 6F). But there was no significant difference in the Fn14
knockdown cell, suggesting that TWEAK-Fn14 signaling could induce mROS production
and thus lead to cell death in late mycobacterial infection. Finally, we assessed the effect
of TWEAK-Fn14 signaling induced autophagy on cell death using pharmacological
inhibition. THP-1-derived macrophages were treated with TWEAK in the presence
of an autophagy antagonist (3-methyladenine, 3-MA, 5 mM) or apoptosis inhibitor
(N-Benzyloxycarbonyl-Val-Ala-Asp[O-Me] fluoromethyl ketone, z-VAD-FMK, 10 mM).
The autophagy- and cell death-associated proteins were detected using immunoblot-
ting (Fig. 6G). The results revealed that TWEAK-induced activation of RIPK1, and cas-
pase-3 were both diminished in the presence of 3-MA, suggesting that TWEAK-Fn14
signaling may cause cell death in BCG infection by inducing autophagy.

DISCUSSION

Tuberculosis remains an important infectious disease and cause of mortality world-
wide. The recent appearance of multiple drug-resistant strains has resulted in an even
greater threat. There is an urgent need to understand how M. tuberculosis survives in

FIG 4 Legend (Continued)
the mitochondria-specific superoxide scavenger MitoTEMPO (MT), or the Ca21 release-activated Ca21 (CRAC) channel inhibitor BTP2 for 24 h. The STIM1, ORAI1,
and autophagy-associated proteins were detected using immunoblotting analysis. PBS was used as solvent control (SC). Immunoblotting bands from b-actin were
densitometrical measured by ImageJ to determine the lane normalization factor for samples. All experiments were performed in triplicate, and data are presented
as the mean 6 SD. An unpaired, two-tailed Student’s t-test was performed for between-group comparisons using GraphPad Prism software version 8. The image
shown is from a single experiment that is representative of at least three separate experiments. *, P , 0.05; **, P , 0.01.
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host macrophages so that alternative therapeutic strategies can be developed.
Autophagy plays a crucial role in protecting the host against pathogens. In thisstudy,
we found that TWEAK-Fn14 signaling promotes oxidative stress, thus inducing autoph-
agy against mycobacterial infection by activating STIM1-ORAI1 calcium channels and
inducing calcium influx.

In order to survive, mycobacteria develop a variety of immune evasion strategies
against autophagy and to persist within macrophages. Romagnoli et al. demonstrated
that M. tuberculosis H37Rv impairs autophagic flux and is ESAT-6 secretion system-1
(ESX-1)-dependent (29). The attenuated BCG strain was not able to hamper

FIG 5 TWEAK-Fn14 enhances calcium-associated autophagy against mycobacterial infection. THP-1 cell-derived macrophages in the absence or
presence of anti-TWEAK antibodies, or Fn14 knockdown cells were stained with Fluo-4 AM (5 mM, 1h at 37°C), then infected with M. bovis BCG
at an MOI of 10 for 20 min. (A) Calcium mobilization in Fluo-4 AM loading cells was detected and quantified using flow cytometry. (B) The
Fn14, ER stress markers, STIM1, ORAI1, and autophagy-associated proteins were detected using immunoblotting analysis. (C and D) THP-1 cell-
derived macrophages were infected with (C) M. bovis BCG or (D) M. tuberculosis H37Rv at an MOI of 10 in the presence of individual biological
(10 mg/mL) or anti-TWEAK antibodies (10 mg/mL). Mycobacterial survival was determined by a CFU assay at 72 h postinfection. RPMI medium
were used as solvent control (SC). Immunoblotting bands from b-actin were densitometrical measured by ImageJ to determine the lane
normalization factor for samples. All experiments were performed in triplicate, and data are presented as the mean6SD. An unpaired, two-
tailed Student’s t-test was performed for between-group comparisons using GraphPad Prism software version 8. The image shown is from a
single experiment that is representative of at least three separate experiments. *, P , 0.05; **, P , 0.01. ADA, adalimumab; RTX, rituximab.
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FIG 6 Increased TWEAK-Fn14 signaling induces cell death in late phase of mycobacterial infection by inducing mitochondrial ROS production. (A) Elevated Fn14
expression and increased levels of cell death-associated markers were found in THP-1-derived macrophages after BCG infection for 72 h, and (B) were diminished

(Continued on next page)
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autophagosome maturation, however, which is caused by the deletion of the region of
difference 1 (RD1) locus, resulting in the loss of ESX-1 (30). We demonstrated previ-
ously that mycobacteria (BCG/H37Rv), and heat-killed M. tuberculosis (HKMT) could
induce TWEAK expression (12). In this study, we further showed that both mycobacte-
rial infection (BCG/H37Rv), and HKMT treatment could induce Fn14 upregulation, sug-
gesting that the mycobacterial components contribute to TWEAK-Fn14 upregulation in
THP-1 cells. We demonstrated that TWEAK-Fn14 axis promotes mycobacterial phago-
some maturation via enhancing ROS production. Although we showed that TWEAK-
Fn14 axis suppressed mycobacterial growth, the inhibitory effect on BCG strain seems
stronger than H37Rv. Therefore, the association between the inhibitory effect of
TWEAK-Fn14 axis and ESX-1/RD1 on mycobacterial survival requires further in-depth
experiments.

AMPK is activated by phosphorylation of the a subunit, which is catalyzed by
CaMKK2 (29). In this study, we found that TWEAK increases the levels of intracellular
calcium by interacting with Fn14 to induce autophagy by activating CaMKK2. Calcium
functions as a second messenger that is important in regulating multiple fundamental
physiological functions. Accumulating evidence has revealed that intracellular calcium
plays a key role in the regulation of autophagy and phagosomal maturation (31–33).
Francis et al. (34) demonstrated that M. tuberculosis ESAT-6 induces calcium influx to
contribute to the necrotic pathology necessary for granuloma formation. Additionally,
mycobacteria interact with the actin binding protein coronin 1 to activate the phos-
phatase calcineurin, thereby preventing phagosomal maturation (35). However, Malik
et al. (36) suggested that mycobacteria inhibit calcium signaling to reduce phago-
some–lysosome fusion and increase survival within human macrophages. Recently,
miR-27a has been demonstrated to control the intracellular survival of M. tuberculosis
by regulating calcium-associated autophagy (37). In this study, we showed that
TWEAK-Fn14 signaling regulates calcium influx to promote phagosomal maturation
and, thus, control mycobacterial survival. When cellular Fn14 is deficient or in the pres-
ence of the anti-TWEAK antibody, the levels of mycobacteria-induced calcium influx
were decreased, resulting in activation of CaMKK2 and suppressing the expression of
autophagy-related proteins, thus increasing mycobacterial survival.

Autophagy is a response to diverse cellular stressors, which are closely associated
with oxidative stress (16). Xenophagy (canonical autophagy) and LC3-associated phag-
ocytosis (LAP, non-canonical autophagy) are different autophagy mechanism against
mycobacterial infection (38), but ROS production is essential in both xenophagy (39)
and LAP (40). Madrigal-Matute et al. demonstrated that TWEAK-Fn14 interaction pro-
motes oxidative stress through NADPH oxidase activation in macrophages (17). We
showed that the TWEAK-Fn14 axis increases ROS production, followed by calcium
influx promotion and CaMCCK2-associated autophagy activation, thus inhibiting myco-
bacteria survival. When ROS production was inhibited, the TWEAK-Fn14 axis-induced
autophagy was suppressed. Our results suggest that the TWEAK-Fn14 axis may regu-
late both mechanisms of autophagy (xenophagy and LAP) to control mycobacterial
infection by promoting ROS production. Further in-depth experiments are required to
validate our hypothesis.

In addition to NOX-2-associated ROS, we observed that TWEAK-Fn14 signaling pro-
moted mROS production, which is consistent with other reports (18, 41). A previous

FIG 6 Legend (Continued)
in Fn14 knockdown cells. (C) An increase in the percentage of phosphatidylserine17-AAD- (early stage of apoptosis) cells were observed in cells infected with BCG,
but this effect was decreased in Fn14 knockdown cells. (D) and (E) THP-1 -derived macrophages were treated with the calcium ionophore A23187, or TWEAK. (D) The
morphology of mitochondria was observed using a confocal microscope with MITO-ID dye. (E) The mitochondrial membrane potential (MMP) was measured using a
plate reader with JC-1 staining. (F) The levels of mitochondrial ROS production in THP-1-derived macrophages under different treatments were analyzed using flow
cytometry with MitoSOX Red staining. (G) THP-1-derived macrophages were treated with TWEAK in the presence of 3-MA (5 mM) or apoptosis inhibitor z-VAD-FMK,
(10 mM). The autophagy- and cell death-associated proteins were detected using immunoblotting. RPMI medium were used as solvent control (SC). Immunoblotting
bands from b-actin were densitometrical measured by ImageJ to determine the lane normalization factor for samples. All experiments were performed in triplicate,
and data are presented as the mean 6 SD. An unpaired, two-tailed Student’s t-test was performed for between-group comparisons using GraphPad Prism software
version 8. The image shown is from a single experiment that is representative of at least three separate experiments. *, P , 0.05; **, P , 0.01.
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study demonstrated that TWEAK induces mitochondrial oxidative stress, accompanied
by the release of proinflammatory cytokines (41). Roca et al. demonstrated that TNF
mediates the host response to mycobacteria via mROS production (42). We showed
that TWEAK-Fn14 signaling induced oxidative stress and increased ER stress during
mycobacterial infection. Elevated ER stress may cause impaired calcium and redox
homeostasis and oxidative stress via protein overload, thereby also influencing vital
mitochondrial functions (43). Increased cytosolic Ca21 and increased Ca21 influx in mi-
tochondria from ER can stimulate mitochondria to produce more mROS (44). More
in-depth studies are required to determine the detailed mechanism of TWEAK-Fn14
signaling in mROS production.

Accumulating evidence has demonstrated that redox modifications could regulate Ca21

channel expression (45). Store-operated calcium entry (SOCE) is a major mechanism for
Ca21 regulation that is mediated by Ca21 release-activated Ca21 (CRAC) channels (46).
CRAC channels are hexamers of ORAI1 proteins located in the plasma membrane that are
activated by STIM1 located in the ER. STIM1 and ORAI1 constitute the core machinery of
the ubiquitous SOCE pathway and loss of function in these proteins is associated with
severe immune and muscular disorders and infectious diseases (47). Kahlfuss et al. demon-
strated that STIM1-mediated calcium influx controls anti-fungal immunity (48). Dramatically
increased STIM1 was observed in sera of patients with influenza A virus infection, and this
mediated virus-induced oxidative stress and inflammation (49). Desvignes et al. found that
STIM1 controls multiple aspects of T cell–mediated immune regulation to limit injurious
inflammation during chronic M. tuberculosis infection (50). In addition to being a sensor for
intracellular Ca21 stores, Hawkins et al. demonstrated that STIM1 functions as a redox sen-
sor to constitutively activate CRAC channels under oxidative conditions (51). Herein, we
observed that TWEAK-Fn14-induced calcium-associated autophagy was accompanied by
STIM1-ORAI1 upregulation. However, this effect was suppressed in the presence of ROS in-
hibitor, suggesting that TWEAK-Fn14 induced calcium-associated autophagy by promoting
oxidative stress to activate the STIM1-ORAI1 axis. Our results also showed that if STIM1-
ORAI1 is blocked using a CRAC channel inhibitor, TWEAK-induced autophagy will be sup-
pressed. But the mediator between TWEAK-Fn14 induced oxidative stress and STIM1-ORAI1
remains unknown, and more in-depth studies are needed to confirm the mechanism.

Fn14 is expressed at low levels in normal tissues but is highly expressed following
tissue injury (52). The TWEAK-Fn14 axis is multi-functional and involved in the pathoge-
nesis of many diseases, including autoimmune diseases, cardiovascular disease, and
nephritic disease (13, 53, 54). Persistent activation of the TWEAK-Fn14 pathway may
contribute to the pathology of these diseases. Blockade or deficiency of Fn14 (or
TWEAK) had favorable therapeutic effects in a variety of disease models, and thus it
has been considered as a potential therapeutic target (15, 55). We showed that the
TWEAK-Fn14 axis plays a novel role in anti-mycobacterial infection by regulating cal-
cium-associated autophagy. Mycobacterial survival increased when cells were Fn14-de-
ficient or under anti-TWEAK treatment. Larger studies are needed to confirm the effects
of TWEAK inhibitor and Fn14 deficiency on latent TB reactivation.

Ca21 and ROS are key factors of cell death (45). Accumulating evidence has shown
that M. tuberculosis exerts finely balanced control over the mode of death of infected
host cells (56). Excess TNF-a triggers programmed necrosis of infected macrophages
by inducing mROS, which activates the cytosolic protein BAX, thus promoting calcium
flow from the ER into the mitochondrion, and the resultant mitochondrial calcium
overload triggers cyclophilin-d-mediated necrosis (57). A previous study observed that
TWEAK induces TNF-a and drives TNFR1-dependent apoptosis signaling (8). Martin-
Sanchez et al. reported that TWEAK-Fn14 and RIPK1 mediate cell death during acute
kidney injury (58). But the role of TWEAK in cell death during mycobacterial infection
remains unclear. O'Sullivan et al. demonstrated that both the mitochondria and the
lysosomes play key roles in caspase-independent cell death in macrophages after M.
tuberculosis infection (59). Herein, we showed that TWEAK-Fn14 signaling induced ER
stress, mROS production, and autophagy against mycobacterial infection by promoting
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oxidative stress and modulating calcium influx. Moreover, we observed that mycobacte-
rial infection induced TWEAK-Fn14 signaling in a time-dependent manner. Persistently
TWEAK-Fn14 signaling reduced mitochondrial membrane potential and caused mito-
chondrial ROS accumulation, thus activating cell death-associated proteins in late
mycobacterial infection. On the other hand, Ikner et al. demonstrated that TWEAK trig-
gers apoptosis by promoting assembly of a RIPK1-FADD (Fas-associated death do-
main)-caspse-8 complex to induce caspase-8 activation (8). Our results revealed that
TWEAK-Fn14-induced autophagy is associated with capsase-8 expression and its acti-
vation. We speculate that persistently TWEAK-Fn14 signaling could induce activation
of RIPK1 and caspase-8, thus leading apoptosis to against mycobacterial infection.
Further in-depth ex-vivo studies are required to confirm the effects of the TWEAK-Fn14
axis on cell death in tuberculosis.

We observed previously that there is no significant difference of mycobacterial growth
in Fn14-overexpressing Raw264.7 cells, compared to those in naive Raw264.7 cell or vector
transfection cells. Polek et al. (60) demonstrated that Raw264.7 cells do not express Fn14,
and they proposed that TWEAK mediated signal transduction by binding to 1 of at least 2
distinct receptors. Combining the published data and our result, we speculate that the
effects on TWEAK-Fn14 axis on mycobacterial infection may be specific in human macro-
phages. Further in-depth experiments are required to validate our hypothesis. Because of
the limitations of biosafety criteria and space in our institute means that we were not able
to perform animal experiments to validate our results. We validated our observations using
an in vitro cell-based assay and clinical specimens from TB patients, suggesting that our
results still provide valuable information.

Mycobacterial infection represents a dynamic balance between the host and patho-
gen. TNF-a plays a key role in promoting the activation of innate cells and the release
of pro-inflammatory cytokines. However, TWEAK balances TNF-a activity by repressing
the production of pro-inflammatory cytokines and attenuating the transition from
innate to adaptive immunity (7). Therefore, TWEAK and TNF act in a ‘Yin and Yang’
manner to modulate the transition from innate to adaptive immunity (61). Autophagy
and apoptosis of macrophages play a vital role in the pathogenesis and in the host
defense against M. tuberculosis (62). Herein, we show that the TWEAK-Fn14 axis-
induced STIM1-ORAI1 activation, followed by increased calcium influx that activated
CaMKK2 and downstream AMPK, thus promoting autophagy against early mycobacte-
rial infection (Fig. 7). TWEAK blocker or Fn14 deficiency suppressed oxidative stress
and calcium-associated autophagy, resulting in elevated mycobacterial survival. Our
results also show that TWEAK-Fn14 controls mycobacterial survival by moderating oxi-
dative stress and cytosolic Ca21. We propose that the TWEAK-Fn14 axis and calcium
influx could be manipulated for anti-TB therapeutic purposes. We offer a new molecu-
lar machinery to understand the association between the TWEAK-Fn14 axis, calcium
influx, and mycobacterial infection.

MATERIALS ANDMETHODS
Subjects. This prospective study was conducted at a medical center from 2019 to 2022. Active TB

was proven with a positive culture or pathological findings of a tissue biopsy. A total of 20 active TB
patients and 30 healthy subjects were enrolled. The Institutional Review Board of Taichung Veterans
General Hospital approved this study (CE18323A), and the written consent of all participants was
obtained according to the Declaration of Helsinki.

Cells culture and mycobacteria infection. THP-1 cells were grown in RPMI medium supplemented
with 10% FBS, 1x nonessential amino acids, 100 units/mL penicillin, and 100 units/mL streptomycin, in
an incubator containing 5% CO2 at 37°C. To induce differentiation, THP-1 cells (1.0 � 106 cells) were
grown in media and treated with 10 ng/mL phorbol myristate acetate (PMA; Sigma-Aldrich) overnight.
The THP-1 RFP-GFP-LC3 stable cell line (Difluo hLC3) was purchased from InvivoGen and cultured on
RPMI medium, according to the manufacturer’s protocol. The Mycobacterium bovis BCG (bacillus
Calmette–Guérin) and M. tuberculosis H37Rv strain were cultured on Middlebrook 7H11 agar plates in an
incubator containing 5% CO2 at 37°C. THP-1 cell-derived macrophages were infected with mycobacterial
strains at an MOI of 10. At 3 h postinfection, cells were incubated with medium containing 20 mg/mL
gentamicin for 1 h to kill extracellular bacteria, then washed three times with phosphate-buffered saline
(PBS), and kept in the medium without antibiotics. Mycobacterial growth was determined using CFU
assays. Infected cells were lysed at 72 h/indicated time postinfection. Lysates were serially diluted and
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plated on Middlebrook 7H11 agar plates, then incubated at 37°C to determine the CFU at 14 days. Cell
viability was measured by using CellTiter-Glo Luminescent Viability assay kit (Promega) according to the
manufacturer’s instructions, which determines the number of viable cells in culture by quantifying ATP.

Transient transfection. For Fn14 knockdown, THP-1 cell-derived macrophages were transiently
transfected with 30 nM Fn14 siRNA (Dharmacon) or controls using Lipofectamine RNAiMAX transfection
reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions, and incubated at 37°C
for 48 h. For Fn14 over-expression, THP-1 monocytes were transiently transfected with 30 ng pCMV-
Fn14 or vector controls DNA using with electroporation by using Neon Transfection System Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. THP-1 monocytes of a single transfection
cuvette were transferred into a single well of a 24-well plate containing 0.5 mL fresh RPMI medium.
After 6 h, cells were transferred to medium containing 10 ng/mL PMA for macrophages differentiation.

Immunoblotting. The cells with different treatments were lysed in RIPA buffer (25 mM Tris-HCl pH
7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) containing a protease inhibitor
cocktail (Complete, Roche). Twenty micrograms of total protein from exosome lysate were loaded and
separated on a standard sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel
and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). The membranes were incu-
bated with primary antibodies, followed by peroxidase-conjugated secondary antibodies. The results
were detected using a charge-coupled device (CCD) camera-based imager (GE Healthcare Life Sciences)
after membrane incubation with enhanced chemiluminescence (ECL) substrates (Millipore). The levels of
specific protein were normalized to b-actin. ImageJ software was used for image acquisition and densi-
tometric analysis of the immunoblots. All results were obtained in 3 independent experiments, and the
data is presented as the mean 6 SD. An unpaired, two-tailed Student's t test was performed for
between-group comparisons using GraphPad Prism software version 8. All results of densitometric anal-
ysis were presented in in Supplementary File 1.

Autophagosome maturation. Wild type or Fn14 knockdown THP-1 cell-derived macrophages were
grown on coverslips at a concentration of 1 � 105 cells/well. TWEAK (100 ng/mL) was added to cells for
24 h before infection. Cells were infected with Texas Red-labeled M. bovis BCG at an MOI of 10. At 1 h
postinfection, cells were incubated with medium containing 20 mg/mL gentamicin for 1 h to kill extrac-
ellular bacteria, washed three times with PBS, and incubated with LysoTracker Green (Thermo Fisher
Scientific) for the final 1 h. Cells were fixed in 4% paraformaldehyde for 10 min at room temperature.
Coverslips were mounted onto glass slides with mounting medium (Thermo Fisher Scientific), and
images were recorded on an Olympus FV1000 laser scanning confocal microscope. Images were ana-
lyzed using FV10-ASW version 4.2 software. For quantification of the cells showing LC3-positive vesicles,

FIG 7 Proposed model for the regulatory mechanism of TWEAK-Fn14 signaling in autophagy and cell death during mycobacterial infection
based on the results of this study. TWEAK-Fn14 signaling promotes oxidative stress to enhance STIM1 expression, and its activation of the
Ca21 channel ORAI1. Elevated calcium influx stimulated the activation of CaMCCK2 and its downstream effector AMPK, thus inducing
autophagy in the early phase of infection. Persistently TWEAK-Fn14 signaling caused cell death in macrophages in the late phase of
infection by reducing mitochondrial membrane potential–caused mitochondrial ROS accumulation, and activating cell death-associated
proteins. Genetic Fn14 deficiency, TWEAK blocker or calcium chelator treatment decreased the oxidative stress-induced calcium influx, thus
suppressing autophagy and cell death in mycobacteria-infected macrophages, resulting in elevated mycobacterial survival.
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approximately 50 cells were counted, and those cells with more than 20 LC3-labeled puncta were con-
sidered to have formed an autophagosome.

Quantification of ROS production and mitochondrial membrane potential. The levels of cyto-
solic/mitochondrial ROS were analyzed using the fluorescent dye dihydrorhodamine (DHR) 123 (Thermo
Fisher Scientific), or MitoSOX Red (Thermo Fisher Scientific) staining and quantified by flow cytometry
(FACSCanto II, BD Biosciences). Data were analyzed using the CellQuest software and expressed as the
mean fluorescence intensity (MFI) of cytosolic/mitochondrial ROS.

Quantification of intracellular calcium level. The intracellular calcium concentration was assessed
and quantified using Fluo-4 AM calcium indicator dye (Thermo Fisher Scientific) combined with flow
cytometry. Briefly, naiive or Fn14 knockdown THP-1 cell-derived macrophages were incubated in HBSS-
Mg21 (calcium free) media and treated with anti-TWEAK monoclonal antibody for 6 h or calcium chelator
BAPTA-AM (1,2-Bis(2-aminophenoxy) ethane-N, N, N’, N’-tetra acetic acid acetoxymethyl ester, 10 mM,
Thermo Fisher Scientific) for 1 h. The cells were stained with Fluo-4 AM (5 mM, 1h at 37°C), then stimu-
lated with TWEAK (100 ng/mL) or infected with Mycobacterium. The Fluo-4-AM fluorescence intensity
was measured at 5 min intervals for 40 min after the activation of cells using flow cytometry.

Flow cytometric analysis of apoptosis.Wild type, siRNA transfection control, and Fn14 knockdown
THP-1 cells were infected with M. bovis BCG at an MOI of 10 for 72 h. The apoptosis assay was measured
using an Apoptosis/Necrosis assay kit (Abcam) according to the manufacturer’s protocol. ApopxinGreen
indicator was used to detect the levels of membrane phosphatidylserine in apoptotic cells. Loss of
plasma membrane integrity, as demonstrated by the ability of a membrane-impermeable 7-AAD to label
the nucleus, represents a straightforward approach to demonstrate late-stage apoptosis and necrosis.

Statistical analysis. An unpaired, two-tailed Student's t test was used for between-group compari-
sons. A one-way analysis of variance (ANOVA) with the post hoc Bonferroni test was used for multiple
comparisons. The correlation coefficient was calculated using Spearman’s correlation test. P
values,0.05 were statistically significant and tests were performed using GraphPad Prism 8.

Data availability. All generated or analyzed data during this study are available within the article
and Supplementary information files, or available from the authors upon request.
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