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Macrophages stand in the first line of defense against a variety of pathogens but
are also involved in the maintenance of tissue homeostasis. To fuffill their functions
macrophages sense a broad range of pathogen- and damage-associated molecular
patterns (PAMPs/DAMPs) by plasma membrane and intracellular pattern recognition
receptors (PRRs). Intriguingly, the overwhelming majority of PPRs trigger the production
of the pleiotropic cytokine tumor necrosis factor-alpha (TNF). TNF affects almost any
type of cell including macrophages themselves. TNF promotes the inflammatory activity
of macrophages but also controls macrophage survival and death. TNF exerts its
activities by stimulation of two different types of receptors, TNF receptor-1 (TNFR1)
and TNFR2, which are both expressed by macrophages. The two TNF receptor types
trigger distinct and common signaling pathways that can work in an interconnected
manner. Based on a brief general description of major TNF receptor-associated signaling
pathways, we focus in this review on research of recent years that revealed insights into
the molecular mechanisms how the TNFR1-TNFR2 signaling network controls the life
and death balance of macrophages. In particular, we discuss how the TNFR1-TNFR2
signaling network is integrated into PRR signaling.
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INTRODUCTION

Tumor necrosis factor-alpha (TNF) is a highly pleiotropic cytokine that affects practically any type
of cell. It triggers cellular responses reaching from the induction of inflammatory gene expression
programs, over the stimulation of cellular proliferation and differentiation to the activation of
cellular suicide programs such as apoptosis and necroptosis (Wajant et al., 2003; Wajant and
Scheurich, 2011; Brenner et al., 2015).

Tumor necrosis factor-alpha is the name giving and prototypic ligand of the TNF superfamily
(TNFSF). It is expressed (i) as a type II single spanning transmembrane protein and (ii) as a soluble
variant which is released from the transmembrane form by proteolytic processing in the stalk region
which separates the characteristic TNF homology domain (THD) from the transmembrane and
the intracellular domain (Locksley et al., 2001; Bodmer et al., 2002; Figure 1). Since the THD
mediates self-assembly into trimeric molecules and receptor binding, both the transmembrane
and soluble form of TNF interact with the two know receptors of TNF, TNF receptor 1 (TNFR1),
and TNFR2 (Figure 1). Both receptors of TNF are typical representatives of the TNF receptor
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superfamily (TNFRSF). As such, TNFR1 and TNFR?2 are single-
spanning type I transmembrane proteins characterized by having
several cysteine-rich domains (CRDs) in their extracellular
domain (Locksley et al, 2001; Bodmer et al., 2002). Soluble
forms of TNFR1 and TNFR2 have also been described and
result from alternative splicing or shedding (Philippe et al., 1993;
Taylor, 1994; Galve-de Rochemonteix et al., 1996; Lainez et al,,
2004; Gregory et al., 2012). The soluble TNF receptor variants
inhibit TNF by competing with the cellular receptor species for
TNF binding but possibly also by acting as dominant-negative
molecules. Indeed, the N-terminal CRDs of TNFR1 and TNFR2
are not directly involved in ligand binding but mediate inactive
self-association in the absence of ligand (Chan et al.,, 2000).
This part of the TNF receptors has therefore been named pre-
ligand binding assembly domain (PLAD) and seems to be a
prerequisite for ligand binding and subsequent formation of
active receptor complexes (Chan et al., 2000). Thus, soluble
TNF receptor molecules might also act as TNF inhibitors by
formation of inactive complexes with cellular TNF receptors by
PLAD-PLAD interaction, but this issue has not been clarified yet.

TNFR1 and TNFR2 belong to different subgroups of the
TNFRSE. TNFR1 is a death receptor (DR) and harbors a death
domain (DD) in its cytoplasmic part (Tartaglia et al., 1993). The
DD is a conserved type of protein-protein interaction domain
which enables DRs to interact homotypically with cytoplasmic
proteins also harboring a DD (Park et al., 2007). DD-containing
signaling proteins link TNFRI to cytotoxic signaling pathways
triggering apoptosis or necroptosis but also allow engagement
of signaling pathways that activate transcription factors of the
nuclear factor of kappa B (NFkB) family or kinases of the
MAP kinase family (Wajant et al., 2003; Wajant and Scheurich,
2011; Brenner et al., 2015). There exist several mechanisms,
described below in more detail, that suppress cytotoxic signaling
by TNFR1 so that proinflammtory, gene inductive signaling can
be considered as the default mode of TNFR1 activity. TNFR2
has no DD and is a prototypic TNF receptor associated factor
(TRAF)-interacting TNFRSF receptor (Xie, 2013). Thus, there
is a short amino acid motif near the C-terminus of TNFR2
which enables recruitment of the adapter protein TRAF2 and
TRAF2-associated proteins such as TRAF1 and cellular inhibitor
of apoptosis protein 1 (cIAP1) and cIAP2 (Xie, 2013). TNFR2 has
therefore no intrinsic cell death inducing activity but stimulates
NFkB signaling and activation of various kinases (Wajant et al.,
2003). The transmembrane and soluble form of TNF bind with
high affinity to the two TNF receptor types and crystallographic
data revealed a similar structural mode of ligand binding by
TNFR1 and TNFR2 (Banner et al., 1993; Mukai et al., 2010).
Nevertheless, there is a striking difference in the TNF receptor-
stimulating activity of the two TNF forms. While transmembrane
TNF activates TNFR1 and TNFR2 signaling with high efficacy,
binding of soluble TNF results only in the case of TNFRI1
in strong and general receptor activation (Wajant et al., 2003;
Figure 1). TNFRI is expressed by almost any cell type. TNFR2
expression, however, is rather restricted to certain cell types,
including myeloid cells, regulatory T-cells, glial cells and some
endothelial cell types, but can also be induced in epithelial
cells, fibroblasts and certain T- and B-cell subsets (Medler and

Wajant, 2019). TNFR2 is furthermore frequently expressed on
hematopoietic malignancies and some solid tumors. TNF is
not constitutively expressed and is instead readily induced in
activated immune cells but it is also expressed by fibroblasts and
endothelial and epithelia cells in response to proinflammatory
triggers and cytokines including TNF itself (Pauli, 1994;
Medler and Wajant, 2019).

TNFR1-RELATED SIGNALING
PATHWAYS

After binding of soluble or membrane-bound TNE the
DD-containing cytoplasmic proteins TNFR1-associated death
domain (TRADD) and receptor interacting protein kinase-
1 (RIPK1) recruit to TNFR1 due to DD-DD interactions
(Figure 2). Deficiency or knock-down of RIPKI1 enhance
recruitment of TRADD and TRAF2 to TNFRI (Devin et al,
2001; Jin and El-Deiry, 2006; Zheng et al., 2006; Fullsack
et al,, 2019). Deficiency or knock-down of TRADD, in contrast,
consistently reduced TRAF2 recruitment in various studies and
showed varying effects on RIPK1 recruitment (Jin and El-Deiry,
2006; Zheng et al., 2006; Ermolaeva et al., 2008; Pobezinskaya
et al, 2008; Fullsack et al., 2019). Since TRAF2 interacts
furthermore with high affinity with TRADD outside its DD
(Park et al., 2000), these findings suggest that TNFR1-bound
TRADD, and to a lesser extent TNFR1-bound RIPK1, recruit
TRAF2 homotrimers (or TRAF1-TRAF2 heterotrimers) into the
TNFR1 signaling complex. With TRAF2 the E3 ligases cIAP1 and
cIAP2, which already form complexes with TRAF2 homotrimers
(or TRAFI-TRAF2 heterotrimers) in the cytoplasm, become
co-recruited to the TNFRI1 signaling complex (Wajant and
Scheurich, 2011). The cIAPs modify various components of
the TNFRI signaling complex, in particular RIPK1, with K63-
linked ubiquitin chains and create so binding sites for the
E3 ligase linear ubiquitin chain assembly complex (LUBAC).
The LUBAC then further modifies RIPK1 with linearly linked
ubiquitin chains which allow the recruitment of the MAP3K
transforming growth factor-p (TGFp)-activated kinase-1 (TAK1)
via the adapter protein TAKI-binding protein-2 (TAB2) and
of the inhibitor of kappa B kinases (IKK) complex (Wajant
and Scheurich, 2011; Brenner et al., 2015). TAK1 can now
phosphorylate and activate the IKK2 subunit of the IKK
complex and triggers this way the events of the classical
NFkB pathway including phosphorylation and degradation
of inhibitor of kappa B-alpha (IkBa), release and nuclear
translocation of previously IkBa-inhibited NFkB dimers and
transcription of various NFkB-regulated targets. The latter
include IkBo itself but also other factors that in feedback
loops can modulate TNFRI signaling, e.g., the FADD-like ICE-
inhibitory proteins (FLIPs), cIAP2, A20 and TRAF1 (Wajant
et al., 2003). The described chain of events emerge from
the plasma membrane located TNFR1 signaling complex (also
named complex I) within seconds to very few minutes and
allows production of functional relevant amounts of NFkB-
regulated proteins in less than 1 h (Wajant and Scheurich, 2011;
Brenner et al., 2015).
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FIGURE 1 | The TNF-TNFR1-TNFR2 system. As other receptors of the TNFRSF, TNFR1 and TNFR2 are characterized by cysteine-rich domains (CRD) in their
extracellular part. TNFR1 harbors furthermore a death domain (DD) and TNFR2 a TRAF2 binding site (T2bs). TNF occurs in two forms, as a membrane-bound
trimeric ligand (memTNF) and as a soluble likewise trimeric molecule (STNF). TACE processes memTNF to sTNF. Please note, memTNF stimulates both TNF
receptors while sTNF largely fails to stimulate TNFR2 despite high-affinity binding. PLAD, pre-ligand binding assembly domain.
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With time the TNFRI signaling complex starts to internalize
and this comes along with the release of the TNFRI1-bound
signaling molecules (Fritsch et al, 2017). In the cytoplasm
the latter can form receptor-free cytoplasmic complexes (also
named complex Ila and IIb) with FADD, caspase-8 and RIPK3
which context-dependent enable induction of apoptosis or
necroptosis (Brenner et al., 2015). Since TRADD, RIPK1, TRAF2
and the cIAPs are also part of the initially formed TNFRI1-
associated signaling complex, it is tempting to speculate that
these molecules as a whole can dissociate from TNFRI to recruit
then FADD/caspase-8 and to act as a “condensation nucleus”
to recruit RIPK3 and additional RIPK1 and RIPK3 molecules
(Li et al., 2012). Noteworthy, there is evidence that TNFRI-
induced activation of p38 and its downstream target MAPK
kinase-activated kinase-2 (MK2) results in MK2-mediated
phosphorylation of RIPK1 on serine 320 (human)/321(mouse)
of TNFR1-associated RIPK1 but also of “free” cytosolic RIPK1
which hinders RIPK1 from acting as “condensation nucleus” of
cytosolic complexes containing kinase active RIPK1 (Li et al.,
2012; Jaco et al., 2017). Complex Ila-associated maturation
of procaspase-8 dimers results in the release of mature
heterotetrameric caspase-8 molecules composed of the two
pl8 and pl0 subunits of a procaspase-8 dimer. Subsequent
apoptosis induction is typically suppressed by constitutive
and NFkB-induced expression of FLIP proteins and K63-
ubiquitination of RIPK1 (Brenner et al., 2015). Thus, cells are
normally resistant against TNF-induced apoptosis as long as
FLIP expression/induction is not inhibited (e.g., by CHX or IKK
inhibitors) and/or RIPK1 K63 ubiquitination is not prevented
(e.g., by SMAC mimetics or TRAF2 depletion) (Brenner et al,
2015; Annibaldi and Meier, 2018). Noteworthy, complex Ila-
associated active caspase-8 and caspase-8/FLIPp heterodimers,
which have a limited enzymatic activity, cleave RIPK1 and RIPK3
and prevent so complex IIb triggered formation of necroptosis-
inducing oligomeric RIPK1/RIPK3 aggregates (Brenner et al.,
2015). Moreover, K63- and linear ubiquitination of RIPKI1
and activation of TAKI and IKK not only stimulate the anti-
apoptotic classical NFkB pathway but also inhibits cytotoxic

RIPK1 activation by phosphorylation in its intermediate domain
(S320 of human RIPK1, S321 of murine RIPK1) directly
(IKK and TAK1) and indirectly (TAK1) via activation of the
p38-MK2 dyad (Dondelinger et al, 2015, 2017; Geng et al,
2017; Jaco et al., 2017; Menon et al., 2017). TNF-induced
necroptosis therefore only occurs when caspase-8 activation
fails in cells with a compromised TNFR1-TRAF2-cIAP1/2-
LUBAC-TAK1-IKK sequence (Figure 2). Apoptotic cells release
membrane-enclosed apoptotic vesicles containing the cellular
content of the dying cell which are cleared by macrophages
without triggering inflammation. In contrast, necroptosis is
a lytic form of cell death releasing intracellular DAMPs and
proinflammatory cytokines and thus promotes inflammation
(Kearney and Martin, 2017; Frank and Vince, 2019). Since
ongoing TNFRI signaling is per se highly inflammatory, TNEF-
induced necroptosis might nevertheless dampen inflammatory
TNF effects under certain circumstances (Kearney and Martin,
2017). Thus, the inflammatory net effect of TNFRI1 in vivo is
determined by the complex interplay of TNFR1-induced classical
NFkB signaling, apoptosis and necroptosis.

In context of TNFRI signaling, TRADD, RIPK1, TRAF2
and TAKI are not only of central relevance for the activation
of the classical NFkB pathway and suppression of the cell
death inducing capacity of TNFR1 but are also responsible for
triggering the MAP kinase cascades leading to the activation
of JNK and p38 (Wajant et al., 2003). Since the relevance of
TNFR1-induced activation of JNK and p38 signaling have been
poorly addressed so far in macrophages, it will not been addressed
further in this review. The same applies for TNFR1-induced DD-
independent activation of the neutral sphingomyelinase and ERK
signaling pathways.

TNFR2-RELATED SIGNALING
PATHWAYS

Initially, oligomerized TNFR2 recruit TRAF2 along with
its tightly associated binding partners TRAF1, cIAP1 and
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FIGURE 2 | TNFR1 signaling. The default state of TNFR1 signaling results in activation of proinflammatory pathways such as the classical NFkB pathway. If FLIP
proteins and the TRAF2-clAP1/2 complexes are limited, e.g., due to CHX treatment and/or TRAF2-clAP1/2 depletion), the quality of TNFR1 signaling shifts to
apoptosis. Not before caspase-8 activity is limited under apoptotic conditions, there is finally necroptosis induction. For more details see text.
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cIAP2 what resembles the indirect, TRADD/RIPK1-mediated
recruitment of these proteins in context of TNFRI1 signaling.
Although there is no evidence for a role of TRADD and/or RIPK1
in TNR2 signaling, the LUBAC as well as the IKK complex are
also recruited to the TNFR2 signaling complex (Figure 3), but less
efficient as in the case of TNFR1 (Wicovsky et al., 2009; Borghi
et al., 2018). TNFR2 stimulation results therefore in activation of
the classical NFkB pathway, too.

Cell surface expression levels of TNFR2 reach often > 10000
molecules per cell (e.g., Gehr et al., 1992; Medvedev et al., 1996)
and are regularly much higher than those of TNFR1 which
are typically in the range of a few hundred to 1-3 thousand
molecules per cell (e.g., Thoma et al., 1990; Gehr et al., 1992).
Recruitment of TRAF2-cIAP1/2 and TRAF1-TRAF2-cIAP1/2
complexes to TNFR2 can therefore lead to a significant depletion
of these complexes in the cytoplasm and may thus affect other
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FIGURE 3 | TNFR2 signaling. TNFR2 efficiently recruits TRAF2-clAP1/2 and TRAF1-TRAF2-clAP1/2 complexes which allow activation of the classical NFkB
pathway. TNFR2 recruitment of TRAF2-clAP1/2 and TRAF1-TRAF2-clAP1/2 complexes concomitantly depletes the cytosolic pool of these proteins and hinder them
s0 to trigger degradation of the alternative NFkB pathway stimulating kinase NIK. Thus, TNFR2 also activates the alternative NFkB pathway.
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activities of these molecules (Duckett and Thompson, 1997;
Fotin-Mleczek et al., 2002; Li X. et al., 2002). Indeed, TRAF2
and the cIAPs are constitutively engaged in the cytoplasm in
the inhibition of the alternative/non-canonical NF«kB pathway
which is of special relevance for the control of the activity of p52-
RelB NFkB dimers (Sun, 2017). By virtue of its ability to reduce
the cytosolic pool of TRAF2-containing complexes, TNFR2 is
thus able to activate the alternative NFxB pathway (Rauert et al.,
2010). In detail, TRAF2 recruits its binding partners cIAP1/2 to
TRAF3 and the TRAF3 interacting MAP3-kinase NIK. The cIAPs
ubiquitinate NIK with K48-linked ubiquitin chains and thereby
promote the proteasomal degradation of this constitutively
active kinase. TNFR2-induced depletion of cytosolic TRAF2-
cIAP1/2 complexes results therefore in the accumulation of
active NIK and NIK-mediated phosphorylation of the NFkB
precursor protein pl00. Phosphorylated p100 becomes K48-
ubiquitinated and is then processed by the proteasome to
the NFkB transcription factor subunit p52, thus resulting in
the activation of p100-containing NFkB dimers (Sun, 2017).
Although it has been found that depletion of TRAF2-cIAP1/2 and
TRAF1-TRAF2-cIAP1/2 complexes is fully sufficient to interfere
with the cytoplasmic activities of these complexes (Fotin-Mleczek
etal., 2002), the depletion effect might be enhanced and sustained

further by TNFR2-triggered proteasomal degradation of TRAF2
and cIAP2 (Duckett and Thompson, 1997; Li X. et al., 2002).
TNFR2-induced depletion of the cytosolic pool of TRAF2-
cIAP1/2 and TRAF1-TRAF2-cIAP1/2 complexes can also limit
the availability of these proteins for other receptors. Indeed, it
has been observed that prestimulation of TNFR2 (or similarly
acting TNFRSF receptors such as Fnl4) affects recruitment
of TRAF2 and cIAPs to TNFR1 and thereby attenuates the
ability of TNFRI to stimulate classical NFkB signaling (Fotin-
Mleczek et al,, 2002). Due to the relevance of TRAF2 and
cIAPs for preventing apoptosis and necroptosis in context of
TNFRI signaling, TNFR2-mediated depletion/degradation of
these molecules can result in enhanced TNFRI-induced cell
death in macrophages as is discussed below in detail.

In a cell type-specific manner TNFR2 can also activate the
tyrosine kinase bone marrow kinase on chromosome X (BMX)
and the phosphatidylinositol 3-kinase (PI3K)/protein kinase
B(Akt) pathway (Pan et al, 2002; So and Croft, 2013). The
latter presumably occurs TRAF2-dependent because TRAF2 has
been implicated in Akt activation by various receptors including
TNFRI and the TNFR2-related TNFRSF receptor CD40 (Davies
et al., 2005; Zhu et al., 2016). In contrast, TNFR2-induced BMX
activation occurs independently from TRAF2 (Pan et al., 2002).
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The molecular mechanisms used by TNFR2 to activate BMX and
PI3K/Akt are, however, poorly investigated and their relevance in
macrophages has not been addressed so far.

In sum, TNFR1 and TNFR?2 are differently activated by soluble
and membrane TNE induce production of their own ligand in
some cells, engage receptor-specific but also common pathways
and the various TNFRI1/2-associated signaling pathways are,
last but not least, interconnected by regulatory circuits. TNF
and its receptors therefore constitute a complex signaling
network what is reflected by the fact that additive, synergistic
or even antagonistic effects have been reported for the two
TNF receptor types.

THE TNF-INDUCED CYTOTOXIC
SIGNALING NETWORK IN
MACROPHAGES

The complexity of the TNF-TNFR1-TNFR2 signaling system
is especially relevant in macrophages because this cell type not
only co-expresses TNFR1 and TNFR2 but also produces high
amounts of TNF upon stimulation of a variety of receptors
including all types of PRRs and various members of the TNFRSF.
Of central relevance for the upregulation of TNF is the activation
of the classical NFkB pathway. Macrophage-produced TNF
not only mediates the proinflammatory and cytotoxic activities
of this cell type but also regulates in an autocrine fashion the
viability and activation status of macrophages. Indeed, there
are a variety of examples of pathogen-induced macrophage
cell death that crucially involves TNF (Table 1). An intensively
studied example is killing of human alveolar and monocyte-
derived macrophages by in vitro infection with mycobacteria

TABLE 1 | Pathogen-induced TNF-mediated macrophage killing.

Pathogen TNF-inducing Evidence References

factor/

mechanisms
Mycobacterium - Anti-TNF Balcewicz-Sablinska
avium et al., 1999; Bermudez

etal., 1999
Mycobacterium - Anti-TNF Balcewicz-Sablinska
tuberculosis et al., 1998; Rojas
et al., 1999

Mycobacterium Mce4d Anti-TNF Saini et al., 2016
tuberculosis
Mycobacterium PGRS33 > TLR2 Anti-TNF Basu et al., 2007
tuberculosis
Helicobacter pylori  JHP0290 Anti-TNF Pathak et al., 2013
Salmonella enterica  OMP96-induced Anti-TNF Chanana et al., 2006,

cell stress 2007
Ureaplasma - Anti-TNF Li Y.H. et al., 2002
urealyticum
- LPS Anti-TNF Xaus et al., 2000
Bacillus - TNFR1 KO Rodrigues et al., 2013
Calmette-Guérin
Yersinia - TNFR1 KO Peterson et al., 2016
pseudotuberculosis

(Keane et al., 1997; Balcewicz-Sablinska et al., 1998, 1999;
Bermudez et al., 1999). Interestingly, mycobacteria infection also
results in macrophage production of IL-10 which in turn triggers
TNFR2 shedding resulting in TNF neutralization by soluble
TNFR2 and reduced apoptosis (Balcewicz-Sablinska et al., 1998,
1999). TNF-induced cell death in mycobacteria-infected murine
macrophages and macrophage cell lines has been attributed to
TNFR1-induced caspase-8 activation and concomitant TNFR1-
induced reactive oxygen species (ROS)-mediated activation of
apoptosis signaling kinase-1 (ASK1) which promotes c-Cbl-
mediated ubiquitination and degradation of the short FLIP
isoform (FLIPs) (Bhattacharyya et al., 2003; Kundu et al., 2009).
Worth mentioning Mycobacterium tuberculosis can also trigger
RIPK3/MLKL-mediated cell death by tuberculosis necrotizing
toxin-mediated NAD™ depletion independently from TNF and
RIPK1 signaling (Pajuelo et al., 2018).

TNFR1-DEPENDENT NECROPTOSIS IN
MACROPHAGES

Studies with SMAC mimetics (IAP antagonists) depleting
cIAP1/2 and the cIAP1/2-related XIAP molecule as well as
evaluation of XIAP and cIAP1/2 knockout cells revealed that
these molecules are crucial for the survival of primary murine
bone marrow-derived macrophages (McComb et al., 2012; Wong
et al.,, 2014). The survival function of XIAP, cIAP1 and cIAP2
in this scenario could be traced back to the suppression of
TNF-induced necroptosis (McComb et al., 2012; Wong et al.,
2014). Studies with murine macrophages genetically deficient for
TNFR1, TNFR2 and TNF together with the use of TNFR1- and
TNFR2-specific agonists and antagonists revealed furthermore
that both TNF receptors cooperate in triggering necroptotic
cell death (Legarda et al., 2016; Siegmund et al., 2016; Lawlor
et al, 2017). While exogenous TNF and/or autocrine TNF
produced in response to TNFR1 and TNFR2 activation deliver
a potential trigger for TNFRI-induced necroptosis, TNFR2
signaling enables realization of the necroptotic potential of
activated TNFR1 by depletion of the cytosolic pool of TRAF2-
cIAP1/2 complexes (Ruspi et al., 2014; Siegmund et al., 2016).
As already mentioned above, some pathogens, e.g., mycobacteria,
trigger IL-10-mediated shedding of TNFR2 to dampen/escape
autocrine TNF killing (Balcewicz-Sablinska et al., 1998, 1999).
The protective effect of TNFR2 shedding has so far mainly
be attributed to the neutralization of TNF by the soluble
TNFR2 ectodomain (Balcewicz-Sablinska et al., 1998, 1999). In
light of the pro-necroptotic activity of TNFR2 in macrophages
identified in recent years, however, it appears plausible that
the protective effect of TNFR2 shedding is also due to the
inhibition of the pro-cell death activities of TNFR2. RIPK1
and RIPK3 trigger execution of necroptotic cell death mainly
by activation of mixed lineage kinase domain-like (MLKL)
protein which forms cell-lytic plasma membrane pores and
stimulation of mitochondrial production of reactive oxygen
species (ROS) (Roca and Ramakrishnan, 2013; Fulda, 2016).
Since ROS can promote TNF mRNA expression in human and
murine macrophages (Gossart et al., 1996; Chandel et al., 2000;
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Kono et al, 2000; Brown et al., 2004), this arm of the
necroptotic response might close a feed forward loop in TNEF-
induced necroptosis.

In accordance with the established anti-necroptotic activity
of caspase-8, robust/maximal necroptosis induction by TNF
in macrophages requires caspase-8 inhibition (McComb et al.,
2012; Siegmund et al, 2016). In most studies, the latter has
been achieved artificially by the use of caspase-8 inhibitors
or genetic deletion of the caspase-8 gene. This raises the
question for the physiological/pathophysiological conditions
under which necroptosis occurs. A first pathophysiological
scenario where caspase-8 is limited are tumor cells that evade
from apoptotic surveillance mechanisms by down-regulation
of caspase-8 expression, for example by DNA methylation or
caspase-8 gene deletion (e.g., references Grotzer et al., 2000; Teitz
et al., 2000; Fulda et al., 2001; Shivapurkar et al., 2002; Hopkins-
Donaldson et al., 2003). Necroptosis induction in caspase-8
low tumor types, however, has been poorly investigated so
far. A second scenario where caspase-8 activity is limited and
necroptosis gain relevance is in cells infected by viruses encoding
caspase-8 inhibitory proteins. Several viral inhibitors of caspase-
8 have been identified in recent years and include CrmA from
cowpox virus and the baculovirus-encoded p35 protein (Ray
et al., 1992; Zhou et al., 1997; Xu et al., 2001) but also proteins of
clinically important human viruses. The human cytomegalovirus
(CMV) gene UL36 encodes the viral inhibitor of caspase-8-
induced apoptosis (VICA) protein which is conserved in primates
and rodents and the ribonucleotide reductase R1 subunits of
herpes simplex virus types 1 and 2 also act as caspase-8 inhibitors
(McCormick, 2008; Dufour et al., 2011). Please be aware that
some of these viral proteins not only inhibit caspase-8 but also
other caspases including caspase-1 which is of crucial relevance
for signaling by inflammasomes. The relevance of caspase-8
inhibition and sensitization for necroptosis for the in vivo effects
of these pathogenic factors can therefore be difficult to define.

TNF-INDUCED NECROPTOSIS AND ITS
INTEGRATION IN PRR SIGNALING

In accordance with the fact that PRRs strongly stimulate TNF
production by macrophages, it has been described that induction
of TNF and TNFR2-mediated TRAF2 depletion contribute to
macrophage necroptosis induced by certain TLRs, including
TLR4 and TLR3 (Kaiser et al, 2013; Legarda et al, 2016;
Siegmund et al., 2016; Lawlor et al,, 2017). TNF-independent
necroptosis induction by TLR4 and by TLR3, however, has
also been described (He et al., 2011; McComb et al., 2014).
The varying relevance of autocrine TNF production for TLR4-
induced necroptosis presumably reflects the use of different
doses of the TLR4 agonist lipopolysaccharide (LPS) in the
cited studies. Indeed, it has been described that high doses
of LPS directly activate necroptotic signaling so that the
effect/contribution of autocrine TNF-induced necroptosis is
masked (Legarda et al., 2016). Studies with XIAP-deficient
bone marrow progenitor cell-derived dendritic cells revealed
an unexpected inhibitory role of XIAP on TNF signaling

(Yabal et al., 2014) which was later on confirmed in murine
bone marrow-derived macrophages (Lawlor et al., 2015, 2017).
It turned out that LPS-stimulated XIAP-deficient macrophages,
despite unchanged TNF production, elicit an enhanced cell
death response, inflammasome activation and IL-1f secretion
in a TNF-dependent manner (Yabal et al, 2014). Worth
mentioning XIAP-deficiency showed no effect on TNF-induced
activation of the classical NFkB pathway, p38 MAPK activation
and TNFRI1 signaling complex formation (Yabal et al., 2014).
Thus, XIAP might preferentially affect TNF-related activities in
macrophages that require RIPK3. Indeed, TNF-induced IL-1f
secretion, caspase-8 activation and cell death induction were
blocked in dendritic cells derived of XIAP/RIPK3 DKO mice
(Yabal et al., 2014).

Lipopolysaccharide-induced TLR4 signaling has not only the
potential to trigger necroptosis via induction of endogenous TNF
but also adjusts the necroptotic sensitivity of macrophages for
TNF in a complex manner (Figure 4). On the one side, TLR4
induces type I interferons which have various pro-necroptotic
effects as is discussed below in detail. One the other side,
TLR4 activates caspase-8 in a TNF-independent manner and
promotes so the “inactivating” cleavage of the deubiquitinase
Cyld (Legarda et al,, 2016; Figure 4). Cyld removes K63-linked
polyubiquitin chains from RIPK1 and interferes so in context of
TNFR1 signaling with the recruitment and survival functions of
the TAB2-TAK1 and IKK complexes. The LPS-induced caspase-
8-mediated degradation of Cyld thus desensitizes macrophages
for necroptosis. TLR4-induced caspase-8 activation requires
the TLR4-RIPK1 linking adapter protein Toll/interleukin-1
receptor domain-containing adaptor protein inducing interferon
(TRIF) and is dependent on RIPK1 and FADD (Weng et al,
2014; Legarda et al., 2016; Peterson et al., 2016). Caspase-8
activation by TLR4 thereby closely resembles the mechanisms
of TNFR1-induced TRADD-RIPK1-mediated stimulation of the
FADD-caspase-8 dyad.

Studies with human-induced pluripotent stem cells (hiPSCs)
showed that differentiated RIPKI-deficient macrophages
progressively undergo autocrine TNF-dependent cell death
(Buchrieser et al.,, 2018). Thus, RIPK1 can also elicit anti-
necroptotic activity in context of TNF signaling in macrophages.
However, the cues defining the net quality of RIPK1 effects in
macrophages are elusive. Noteworthy, addition of exogenous
soluble TNF not further enhanced endogenous-TNF dependent
cell death of RIPK1 KO hiPSCs while LPS- and poly(I:C)-induced
TNF-independent necroptosis was enhanced (Buchrieser et al.,
2018). Since soluble TNF poorly stimulate TNFR2, it is tempting
to speculate that TNFR2-mediated cell death sensitization is the
limiting step in TNF-induced cell death in this model.

COOPERATION OF TNF AND TYPE |
INTERFERONS IN NECROPTOTIC
SIGNALING IN MACROPHAGES

Besides the classical NFiB pathway, the type I interferon pathway
is a second major signaling pathway which is regularly engaged
by PRRs (Figure 5). The central elements of the type I interferon
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pathway are the kinases TANK-binding kinase 1 (TBK1) and
inhibitor of kappaB kinase ¢ (IKKe) which phosphorylate and
activate the interferon-p gene inducing transcription factor
interferon regulatory factor 3 (IRF3). In context of TLR3 and
TLR4 signaling the adapter proteins TRIF and TRAF3 mediate
activation of TBK1/IKKe and IRF3. Together with the in parallel
activated classical NFkB pathway, the type I interferon pathway
stimulates the production of the type I interferons (Ikushima
et al., 2013). Thus, TNF and type I interferons are co-produced
by pathogen challenged macrophages. Similarly to TNE type
I interferons not only act as effector molecules of activated
macrophages but also retroact on the macrophages. Moreover,
there is growing evidence that TNF and type I interferons
cooperated in the control of macrophage viability (Figure 4).
So it has been found that TNF/ZVAD- and LPS/ZVAD-
induced necroptosis are blocked in macrophages derived of
Interferon-a/f receptor alpha chain (IFNARI) knockout mice

(McComb et al., 2014; Legarda et al., 2016). The compromised
necroptosis sensitivity correlated with reduced expression of
the “pro-necroptotic” proteins TNFR2 and MLKL (Legarda
et al,, 2016). Reconstitution experiments revealed, however, that
reexpression of TNFR2 and MLKL alone is not sufficient to
restore necroptotic sensitivity for LPS pointing to additional
type I interferon targets which are of relevance in necroptotic
signaling. Indeed, there is evidence that TRIF-dependent induced
type Linterferons also promote the expression of Z-DNA binding
protein-1 (Zbpl) and gasdermin D (GSDMD), which after
cleavage can also cause lytic cell death (see below), via KAT2B-
and p300-mediated histone 3 acetylation at lysine 27 (Li et al,,
2018). Moreover, it has been shown that interferon-f activates
protein kinase R (PKR) and promotes so its interaction with
RIPK1 to trigger RIPK1/RIPK3-mediated necroptotic cell death
(Thapa et al., 2013). The relevance of this mechanism for TNF-
induced IFNAR1-dependent necroptosis in murine macrophages
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FIGURE 5 | The role of type | interferons in the cytotoxic TLR-TNF signaling network. TNF via the classical NFkB pathway induces IRF1 which in turn stimulates in
cooperation with the classical NFkB pathway the expression of low amounts of IFNB. The latter boosts its own expression by autocrine signaling but also the
expression of pro-necroptotic proteins, such as TNFR2 and MLKL. PRRs, e.g., TLR4, often co-induce TNF and IFNB expression. Thus, cytotoxic signaling by PRRs,
IFNB, and TNF are interconnected in various ways in macrophages by feed forward loops. Please be aware, for simplicity functional relevant phosphorylation and

ubiquitination events are not included. For more details see text.

is, however, unclear. Last but not least, it has been found
in caspase-8-inhibited macrophages that LPS initially induces
TRIF-mediated type I interferon production which then trigger
via the interferon-stimulated gene factor-3 (ISGF3) complex
sustained RIPK3 phosphorylation and necroptosis by a yet poorly
understood mechanism independent from PKR (McComb et al.,
2014; Saleh et al., 2017).

Noteworthy, there is not only evidence that type I interferons
contribute to TNF-induced necroptosis but vice versa also that
TNF- and/or necroptosis-associated signaling contribute to the
induction of type I interferons. TNF induces in macrophages
not only NFkB-regulated genes but also, with delay, typical
signal transducer and activator of transcription-1 (STAT1)-
and interferon response proteins such as MX1, IRF7 and
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STAT1 itself (Yarilina et al., 2008). The stimulation of the
transcription of the latter proteins is due to an indirect
mechanism involving NFkB-mediated upregulation of IRF1
via both TNF receptors and subsequent induction of low
concentrations of IFNB by the joint action of IRF1 and NFkB
transcriptions factors (Yarilina et al., 2008). TNF and TNF-
induced IFNP cooperate then in the sustained and strong
expression of NFkB/STAT co-regulated inflammatory factors
such as CCL5, CXCL10 and CXCL11 and also maintain IFNpB
expression (Yarilina et al., 2008). Whether TNF-induced IFN
production is of relevance for TLR4-triggered necroptosis
appears, however, unlikely as the TLR4-TRIF-IRF3 axis is
already sufficient to mount a strong type I interferon response.
There is, however, evidence from studies with LPS/ZVAD-
treated macrophages that TBK1, IKKe, RIPK1 and RIPK3 form
a high molecular weight complex which via RIPK3 promote
TBK1/IKKe signaling (Saleh et al., 2017). Thus, TNF-induced
RIPK1/RIPK3 activation in course of necroptotic signaling might
have the potential to boost IFNB production but this has not
been evaluated yet.

TNF AND CASPASE-8-MEDIATED
INFLAMMASOME ACTIVATION AND
PYROPTOSIS

Besides apoptosis and necroptosis, pyroptosis is a third
form of programmed cell death which is of particular
relevance in macrophages (Man et al., 2017). Pyroptosis is
a strongly proinflammatory form of lytic cell death which
is triggered downstream of inflammasome complexes by
caspase-1 mediated cleavage of gasdermin D (GSDMD). The
N-terminal p30 cleavage product of GSDMD forms then
large pores in the plasma membrane and executes so cell
lysis (Man et al, 2017). Inflammasome-triggered pyroptosis
of macrophages and intestinal epithelial cells is of special
relevance for combating infection by intracellular bacteria
(Frank and Vince, 2019). Recent studies showed that Yersinia
bacteria by help of their TAKI inhibitory acetyltransferease
Yop]J triggers RIPK1-mediated activation of caspase-8 (Orning
et al, 2018; Sarhan et al, 2018). Interestingly, this not
only results in effector caspase activation and apoptosis
but also in caspase-8-mediated, thus non-canonical GSDMD
cleavage, GSDMD-mediated NLRP3 inflammasome activation
and pyroptosis (Orning et al., 2018; Sarhan et al, 2018). In
one of these reports, it has been furthermore shown that
cell death induction and IL-1f production by a mixture of
pharmacological TAK1 inhibitors and TNF are reduced in
GSDMD-deficient murine macrophages (Orning et al., 2018).
Moreover, Yersinia-induced cell death was reduced in murine
macrophages deficient for TLR4, TRIF or TNFR1 (Orning
et al, 2018). Thus, under appropriate conditions TNF may
also trigger GSDMD-dependent non-canonical inflammasome
activation and pyroptosis, too (Figure 5). GSDMD is presumably
directly cleaved by caspase-8 in these scenarios because TAK1
inhibition/LPS-induced generation of the pore forming p30
GSDMD fragment occurred in caspase-3/-7 double-deficient

macrophages and GSDMD coimmunoprecipitated furthermore
with caspase-8 (Orning et al.,, 2018; Sarhan et al., 2018). The
mechanisms described are presumably of broader relevance as
various other pathogenic bacteria and viruses, e.g., enteroviruses,
pseudomonas and vibrio also utilize TAK1 inhibitory proteins
(Zhou et al., 2013; Lei et al., 2014; He et al., 2017; Rui et al., 2017).
RIPK1-mediated caspase-8 activation is inhibited by cIAPs (see
above). Since Yersinia, LPS and TNF trigger cIAP depletion via
the TLR4-TRIF pathway and the TNFR2-TRAF2 axis, it appears
possible that cIAP depletion contributes to the pyroptotic RIPK1-
caspase-8-GSDMD signaling branch but this issue has not been
experimentally addressed yet.

Most pathogens activate in macrophages several types
of inflammasome complexes. Yersinia pestis for example
not only activates the NLRP3 inflammasome but also the
pyrin inflammasome (Philip and Brodsky, 2012; Jamilloux
et al., 2018). The sensor protein pyrin detects Rho GTPases
molecule species which are inhibited by bacterial toxins and
forms then an inflammasome with ASC and procaspase-
1 (Jamilloux et al, 2018). TNF and various other PPR-
induced cytokines, including type I interferons, stimulate the
expression of pyrin in macrophages (Centola et al., 2000).
Thus, the TNF triggered pyroptotic RIPK1-caspase-8-GSDMD
signaling axis might further cooperate with TNF/interferon-
induced pyrin expression and enhanced pyrin inflammasome
activity to promote macrophage pyroptosis (Figure 5). Indeed,
a contribution of TNF-induced pyrin expression to pyrin
inflammasome activation, IL-1p production and pyroptosis
induction has been recently demonstrated for clostridium difficile
toxin B (Sharma et al., 2019).

Just recently two studies demonstrated that intrinsic, thus
mitochondria-dependent apoptosis in bone marrow-derived
macrophages is accompanied by activation of the NLPR3
inflammasome and IL-1p activation (Chauhan et al., 2018; Vince
etal., 2018). Noteworthy, the latter was not only due to activation
of the NLRP3 inflammasome but has also been traced back
to inflammasome-independent IL-1B processing by caspase-8.
In context of intrinsic apoptosis caspase-8 is directly activated
by processing by effector caspases and indirectly by cIAP1/2
depletion and subsequent RIPK1 kinase activation. Caspase-8-
activation and cIAP1/2 depletion can also be triggered by TNFR1
(or other death receptors) and TNFR2. It is thus well conceivable
that TNF triggers this unusual proinflammatory mode of
apoptosis, especially under circumstances where TNFR1-induced
caspase-8 is insufficiently blocked. Future studies have to
show whether the proinflammatory activities of caspase-8
(GSDMD cleavage, IL-1p processing) gain relevance for the
biology and pathophysiology of TNF in vivo. Noteworthy, the
pyroptotic GSDMD p30 fragment is able to trigger mitochondrial
ROS production (Platnich et al., 2018) and the ROS in
turn are established inducers of the NLRP3 inflammasome
(Tschopp and Schroder, 2010) and, as mentioned before, of
TNF expression (Gossart et al, 1996; Chandel et al., 2000;
Kono et al., 2000; Brown et al., 2004). Thus, the GSDMD
p30-ROS axis might auto-amplify p30 production by two
feed forward loops, first by NLRP3 inflammasome activation
and second by TNF-induced caspase-8 activation. TNF itself
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is furthermore able to trigger mitochondrial production of
ROS in macrophages and thus might further enhance these
feed forward loops.

CONCLUSION AND PERSPECTIVE

There are a considerable number of high quality publications
addressing the role of TNF in the life death balance of
macrophages. In sum, these studies show that the effect of TNF
on macrophage viability not only depends on the integrated
and complex activity of the TNFR1-TNFR2 signaling network
but also from its crosstalk with other, equally complex signaling
systems engaged by PRR-, inflammasomes and interferons. It
is thus not really surprising that the precise net-effects of TNF
on macrophages in infection diseases and cancer are still poorly
predictable. Indeed, it is not even clear whether and if yes
to which extend, the reported effects of TNF on macrophages
are generalizable to all types of macrophages. Likewise, it is
unclear under which in vivo conditions which of the various
individual TNF-related signaling mechanisms gain dominance.
Thus, future studies must show whether there are key factors

REFERENCES

Annibaldi, A., and Meier, P. (2018). Checkpoints in TNF-induced cell death:
implications in inflammation and cancer. Trends Mol. Med. 24, 49-65. doi:
10.1016/j.molmed.2017.11.002

Balcewicz-Sablinska, M. K., Gan, H., and Remold, H. G. (1999). Interleukin 10
produced by macrophages inoculated with Mycobacterium avium attenuates
mycobacteria-induced apoptosis by reduction of TNF-alpha activity. J. Infect.
Dis. 180, 1230-1237. doi: 10.1086/315011

Balcewicz-Sablinska, M. K., Keane, J., Kornfeld, H., and Remold, H. G. (1998).
Pathogenic Mycobacterium tuberculosis evades apoptosis of host macrophages
by release of TNF-R2, resulting in inactivation of TNF-alpha. J. Immunol. 161,
2636-2641.

Banner, D. W., D’Arcy, A., Janes, W., Gentz, R., Schoenfeld, H. J., Broger, C., et al.
(1993). Crystal structure of the soluble human 55 kd TNF receptor-human
TNF beta complex: implications for TNF receptor activation. Cell 73, 431-445.
doi: 10.1016/0092-8674(93)90132-a

Basu, S., Pathak, S. K. Banerjee, A., Pathak, S., Bhattacharyya, A., Yang,
Z., et al. (2007). Execution of macrophage apoptosis by PE_PGRS33 of
Mycobacterium tuberculosis is mediated by Toll-like receptor 2-dependent
release of tumor necrosis factor-alpha. J. Biol. Chem. 282, 1039-1050. doi:
10.1074/jbc.M604379200

Bermudez, L. E., Parker, A., and Petrofsky, M. (1999). Apoptosis of Mycobacterium
avium-infected macrophages is mediated by both tumour necrosis factor (TNF)
and Fas, and involves the activation of caspases. Clin. Exp. Immunol. 116, 94-99.
doi: 10.1046/j.1365-2249.1999.00852.x

Bhattacharyya, A., Pathak, S., Basak, C., Law, S., Kundu, M., and Basu, J.
(2003). Execution of macrophage apoptosis by Mycobacterium avium through
apoptosis signal-regulating kinase 1/p38 mitogen-activated protein kinase
signaling and caspase 8 activation. J. Biol. Chem. 278, 26517-26525. doi: 10.
1074/jbc.M300852200

Bodmer, J. L., Schneider, P., and Tschopp, J. (2002). The molecular architecture
of the TNF superfamily. Trends Biochem. Sci. 27, 19-26. doi: 10.1016/S0968-
0004(01)01995-8

Borghi, A., Haegman, M., Fischer, R., Carpentier, L, Bertrand, M. J. M., Libert,
C., et al. (2018). The E3 ubiquitin ligases HOIP and cIAP1 are recruited to
the TNFR2 signaling complex and mediate TNFR2-induced canonical NF-
kappaB signaling. Biochem. Pharmacol. 153, 292-298. doi: 10.1016/j.bcp.2018.
01.039

that determine the quality of TNF signaling on macrophage
viability. It appears particularly important to learn more about
the crosstalk of concomitantly occurring signaling paths engaged
by TNF and other inducers of macrophage cell death. Last
but not least, it will be important for the understanding of
the role of TNF for macrophage biology to learn more about
the systemic immunological net-effects triggered by timely
limited “immunogenic” death versus persistent inflammatory
activation of macrophages.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) - Projektnummer
324392634 - TRR 221 and WA 1025/31-1.

Brenner, D., Blaser, H., and Mak, T. W. (2015). Regulation of tumour necrosis
factor signalling: live or let die. Nat. Rev. Immunol. 15, 362-374. doi: 10.1038/
nri3834

Brown, D. M., Donaldson, K., Borm, P. J., Schins, R. P., Dehnhardt, M., Gilmour,
P., et al. (2004). Calcium and ROS-mediated activation of transcription factors
and TNF-alpha cytokine gene expression in macrophages exposed to ultrafine
particles. Am. J. Physiol. Lung Cell. Mol. Physiol. 286, L344-L353. doi: 10.1152/
ajplung.00139.2003

Buchrieser, J., Oliva-Martin, M. J., Moore, M. D., Long, J. C. D., Cowley, S. A.,
Perez-Simon, J. A., et al. (2018). RIPK1 is a critical modulator of both tonic and
TLR-responsive inflammatory and cell death pathways in human macrophage
differentiation. Cell Death Dis. 9:973. doi: 10.1038/s41419-018-1053-4

Centola, M., Wood, G., Frucht, D. M., Galon, J., Aringer, M., Farrell, C,, et al.
(2000). The gene for familial Mediterranean fever, MEFYV, is expressed in early
leukocyte development and is regulated in response to inflammatory mediators.
Blood 95, 3223-3231.

Chan, F. K, Chun, H. ], Zheng, L., Siegel, R. M., Bui, K. L., and Lenardo, M. J.
(2000). A domain in TNF receptors that mediates ligand-independent receptor
assembly and signaling. Science 288, 2351-2354. doi: 10.1126/science.288.5475.
2351

Chanana, V., Majumdar, S., and Rishi, P. (2006). Tumour necrosis factor alpha
mediated apoptosis in murine macrophages by Salmonella enterica serovar
Typhi under oxidative stress. FEMS Immunol. Med. Microbiol. 47, 278-286.
doi: 10.1111/j.1574-695X.2006.00090.x

Chanana, V., Majumdar, S., and Rishi, P. (2007). Involvement of caspase-3,
lipid peroxidation and TNF-alpha in causing apoptosis of macrophages by
coordinately expressed Salmonella phenotype under stress conditions. Mol.
Immunol. 44, 1551-1558. doi: 10.1016/j.molimm.2006.08.022

Chandel, N. S., Trzyna, W. C., McClintock, D. S., and Schumacker, P. T. (2000).
Role of oxidants in NF-kappa B activation and TNF-alpha gene transcription
induced by hypoxia and endotoxin. J. Immunol. 165, 1013-1021. doi: 10.4049/
jimmunol.165.2.1013

Chauhan, D., Bartok, E., Gaidt, M. M., Bock, F. J., Herrmann, J., Seeger, ]. M., et al.
(2018). BAX/BAK-induced apoptosis results in caspase-8-dependent IL-1beta
maturation in macrophages. Cell Rep. 25, 2354-2368.¢5. doi: 10.1016/j.celrep.
2018.10.087

Davies, C. C., Mak, T. W., Young, L. S., and Eliopoulos, A. G. (2005). TRAF6 is
required for TRAF2-dependent CD40 signal transduction in nonhemopoietic
cells. Mol. Cell. Biol. 25, 9806-9819. doi: 10.1128/mcb.25.22.9806-9819.2005

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2019 | Volume 7 | Article 91


https://doi.org/10.1016/j.molmed.2017.11.002
https://doi.org/10.1016/j.molmed.2017.11.002
https://doi.org/10.1086/315011
https://doi.org/10.1016/0092-8674(93)90132-a
https://doi.org/10.1074/jbc.M604379200
https://doi.org/10.1074/jbc.M604379200
https://doi.org/10.1046/j.1365-2249.1999.00852.x
https://doi.org/10.1074/jbc.M300852200
https://doi.org/10.1074/jbc.M300852200
https://doi.org/10.1016/S0968-0004(01)01995-8
https://doi.org/10.1016/S0968-0004(01)01995-8
https://doi.org/10.1016/j.bcp.2018.01.039
https://doi.org/10.1016/j.bcp.2018.01.039
https://doi.org/10.1038/nri3834
https://doi.org/10.1038/nri3834
https://doi.org/10.1152/ajplung.00139.2003
https://doi.org/10.1152/ajplung.00139.2003
https://doi.org/10.1038/s41419-018-1053-4
https://doi.org/10.1126/science.288.5475.2351
https://doi.org/10.1126/science.288.5475.2351
https://doi.org/10.1111/j.1574-695X.2006.00090.x
https://doi.org/10.1016/j.molimm.2006.08.022
https://doi.org/10.4049/jimmunol.165.2.1013
https://doi.org/10.4049/jimmunol.165.2.1013
https://doi.org/10.1016/j.celrep.2018.10.087
https://doi.org/10.1016/j.celrep.2018.10.087
https://doi.org/10.1128/mcb.25.22.9806-9819.2005
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wajant and Siegmund

TNF and the Life-Death Balance in Macrophages

Devin, A., Lin, Y., Yamaoka, S., Li, Z., Karin, M., and Liu, Z. (2001). The alpha
and beta subunits of IkappaB kinase (IKK) mediate TRAF2-dependent IKK
recruitment to tumor necrosis factor (TNF) receptor 1 in response to TNF. Mol.
Cell. Biol. 21, 3986-3994. doi: 10.1128/mcb.21.12.3986-3994.2001

Dondelinger, Y., Delanghe, T., Rojas-Rivera, D., Priem, D., Delvaeye, T.,
Bruggeman, I, et al. (2017). MK2 phosphorylation of RIPKI regulates TNF-
mediated cell death. Nat. Cell Biol. 19, 1237-1247. doi: 10.1038/ncb3608

Dondelinger, Y., Jouan-Lanhouet, S., Divert, T., Theatre, E., Bertin, J., Gough, P. .,
et al. (2015). NF-kappaB-independent role of IKKalpha/IKKbeta in preventing
RIPK1 kinase-dependent apoptotic and necroptotic cell death during TNF
signaling. Mol. Cell 60, 63-76. doi: 10.1016/j.molcel.2015.07.032

Duckett, C. S., and Thompson, C. B. (1997). CD30-dependent degradation of
TRAF2: implications for negative regulation of TRAF signaling and the control
of cell survival. Genes Dev. 11, 2810-2821. doi: 10.1101/gad.11.21.2810

Dufour, F., Sasseville, A. M., Chabaud, S., Massie, B., Siegel, R. M., and Langelier,
Y. (2011). The ribonucleotide reductase R1 subunits of herpes simplex virus
types 1 and 2 protect cells against TNFalpha- and FasL-induced apoptosis by
interacting with caspase-8. Apoptosis 16, 256-271. doi: 10.1007/s10495-010-
0560-2

Ermolaeva, M. A., Michallet, M. C., Papadopoulou, N., Utermohlen, O., Kranidioti,
K., Kollias, G., et al. (2008). Function of TRADD in tumor necrosis factor
receptor 1 signaling and in TRIF-dependent inflammatory responses. Nat.
Immunol. 9, 1037-1046. doi: 10.1038/ni.1638

Fotin-Mleczek, M., Henkler, F., Samel, D., Reichwein, M., Hausser, A., Parmryd, I,
et al. (2002). Apoptotic crosstalk of TNF receptors: TNF-R2-induces depletion
of TRAF2 and IAP proteins and accelerates TNF-R1-dependent activation of
caspase-8. J. Cell Sci. 115, 2757-2770.

Frank, D., and Vince, J. E. (2019). Pyroptosis versus necroptosis: similarities,
differences, and crosstalk. Cell Death Differ. 26, 99-114. doi: 10.1038/s41418-
018-0212-6

Fritsch, J., Zingler, P., Sarchen, V., Heck, A. L., and Schutze, S. (2017). Role of
ubiquitination and proteolysis in the regulation of pro- and anti-apoptotic
TNEF-R1 signaling. Biochim. Biophys. Acta Mol. Cell Res. 1864, 2138-2146. doi:
10.1016/j.bbamcr.2017.07.017

Fulda, S. (2016). Regulation of necroptosis signaling and cell death by reactive
oxygen species. Biol. Chem. 397, 657-660. doi: 10.1515/hsz-2016-0102

Fulda, S., Kufer, M. U., Meyer, E., van Valen, F., Dockhorn-Dworniczak, B.,
and Debatin, K. M. (2001). Sensitization for death receptor- or drug-induced
apoptosis by re-expression of caspase-8 through demethylation or gene transfer.
Oncogene 20, 5865-5877. doi: 10.1038/sj.onc.1204750

Fullsack, S., Rosenthal, A., Wajant, H., and Siegmund, D. (2019). Redundant and
receptor-specific activities of TRADD, RIPK1 and FADD in death receptor
signaling. Cell Death Dis. 10:122. doi: 10.1038/s41419-019-1396-5

Galve-de Rochemonteix, B., Nicod, L. P., and Dayer, J. M. (1996). Tumor necrosis
factor soluble receptor 75: the principal receptor form released by human
alveolar macrophages and monocytes in the presence of interferon gamma. Am.
J. Respir. Cell Mol. Biol. 14, 279-287. doi: 10.1165/ajrcmb.14.3.8845179

Gehr, G., Gentz, R., Brockhaus, M., Loetscher, H., and Lesslauer, W. (1992). Both
tumor necrosis factor receptor types mediate proliferative signals in human
mononuclear cell activation. J. Immunol. 149, 911-917.

Geng, J., Ito, Y., Shi, L., Amin, P., Chu, J., Ouchida, A. T, et al. (2017). Regulation
of RIPK1 activation by TAK1-mediated phosphorylation dictates apoptosis and
necroptosis. Nat. Commun. 8:359. doi: 10.1038/s41467-017-00406-w

Gossart, S., Cambon, C., Orfila, C., Seguelas, M. H., Lepert, J. C., Rami, J., et al.
(1996). Reactive oxygen intermediates as regulators of TNF-alpha production
in rat lung inflammation induced by silica. J. Immunol. 156, 1540-1548.

Gregory, A. P., Dendrou, C. A, Attfield, K. E., Haghikia, A., Xifara, D. K., Butter, F.,
etal. (2012). TNF receptor 1 genetic risk mirrors outcome of anti-TNF therapy
in multiple sclerosis. Nature 488, 508-511. doi: 10.1038/nature11307

Grotzer, M. A., Eggert, A., Zuzak, T. J., Janss, A. J., Marwaha, S., Wiewrodt,
B. R, et al. (2000). Resistance to TRAIL-induced apoptosis in primitive
neuroectodermal brain tumor cells correlates with a loss of caspase-8
expression. Oncogene 19, 4604-4610. doi: 10.1038/sj.0onc.1203816

He, C., Zhou, Y., Liu, F.,, Liu, H., Tan, H,, Jin, S., et al. (2017). Bacterial
nucleotidyl cyclase inhibits the host innate immune response by suppressing
TAKI activation. Infect. Immun. 85:€00239-17. doi: 10.1128/1ai.00239-17

He, S., Liang, Y. Shao, F., and Wang, X. (2011). Toll-like receptors
activate programmed necrosis in macrophages through a receptor-interacting

kinase-3-mediated pathway. Proc. Natl. Acad. Sci. U.S.A. 108, 20054-20059.
doi: 10.1073/pnas.1116302108

Hopkins-Donaldson, S., Ziegler, A., Kurtz, S., Bigosch, C., Kandioler, D., Ludwig,
C., et al. (2003). Silencing of death receptor and caspase-8 expression in small
cell lung carcinoma cell lines and tumors by DNA methylation. Cell Death
Differ. 10, 356-364. doi: 10.1038/sj.cdd.4401157

Tkushima, H., Negishi, H., and Taniguchi, T. (2013). The IRF family transcription
factors at the interface of innate and adaptive immune responses. Cold Spring
Harb. Symp. Quant. Biol. 78, 105-116. doi: 10.1101/sqb.2013.78.020321

Jaco, 1., Annibaldi, A., Lalaoui, N., Wilson, R., Tenev, T., Laurien, L., et al. (2017).
MK?2 phosphorylates RIPK1 to prevent TNF-induced cell death. Mol. Cell 66,
698-710.e5. doi: 10.1016/j.molcel.2017.05.003

Jamilloux, Y., Magnotti, F., Belot, A., and Henry, T. (2018). The pyrin
inflammasome: from sensing RhoA GTPases-inhibiting toxins to triggering
autoinflammatory syndromes. Pathog. Dis. 76:fty020. doi: 10.1093/femspd/
fty020

Jin, Z., and El-Deiry, W. S. (2006). Distinct signaling pathways in TRAIL- versus
tumor necrosis factor-induced apoptosis. Mol. Cell. Biol. 26, 8136-8148. doi:
10.1128/mcb.00257-06

Kaiser, W. J., Sridharan, H., Huang, C., Mandal, P., Upton, J. W., Gough, P. J.,
etal. (2013). Toll-like receptor 3-mediated necrosis via TRIE, RIP3, and MLKL.
J. Biol. Chem. 288, 31268-31279. doi: 10.1074/jbc.M113.462341

Keane, J., Balcewicz-Sablinska, M. K., Remold, H. G., Chupp, G. L., Meek, B. B.,
Fenton, M. |, et al. (1997). Infection by Mycobacterium tuberculosis promotes
human alveolar macrophage apoptosis. Infect. Immun. 65, 298-304.

Kearney, C. J., and Martin, S. J. (2017). An inflammatory perspective on
necroptosis. Mol. Cell 65, 965-973. doi: 10.1016/j.molcel.2017.02.024

Kono, H., Rusyn, L, Yin, M., Gabele, E., Yamashina, S., Dikalova, A., et al. (2000).
NADPH oxidase-derived free radicals are key oxidants in alcohol-induced liver
disease. J. Clin. Invest. 106, 867-872. doi: 10.1172/jci9020

Kundu, M., Pathak, S. K., Kumawat, K., Basu, S., Chatterjee, G., Pathak, S., et al.
(2009). A TNF- and c-Cbl-dependent FLIP(S)-degradation pathway and its
function in Mycobacterium tuberculosis-induced macrophage apoptosis. Nat.
Immunol. 10, 918-926. doi: 10.1038/ni.1754

Lainez, B., Fernandez-Real, J. M., Romero, X., Esplugues, E., Canete, J. D., Ricart,
W., et al. (2004). Identification and characterization of a novel spliced variant
that encodes human soluble tumor necrosis factor receptor 2. Int. Immunol. 16,
169-177. doi: 10.1093/intimm/dxh014

Lawlor, K. E., Feltham, R., Yabal, M., Conos, S. A., Chen, K. W, Ziehe, S, et al.
(2017). XIAP loss triggers RIPK3- and caspase-8-driven IL-1beta activation
and cell death as a consequence of TLR-MyD88-induced cIAP1-TRAF2
degradation. Cell Rep. 20, 668-682. doi: 10.1016/j.celrep.2017.06.073

Lawlor, K. E., Khan, N., Mildenhall, A., Gerlic, M., Croker, B. A., D’Cruz, A. A.,
et al. (2015). RIPK3 promotes cell death and NLRP3 inflammasome activation
in the absence of MLKL. Nat. Commun. 6:6282. doi: 10.1038/ncomms7282

Legarda, D., Justus, S. J., Ang, R. L., Rikhi, N., Li, W., Moran, T. M., et al. (2016).
CYLD proteolysis protects macrophages from TNF-mediated auto-necroptosis
induced by LPS and licensed by type I IFN. Cell Rep. 15, 2449-2461. doi:
10.1016/j.celrep.2016.05.032

Lei, X., Han, N,, Xiao, X,, Jin, Q., He, B., and Wang, J. (2014). Enterovirus 71 3C
inhibits cytokine expression through cleavage of the TAK1/TAB1/TAB2/TAB3
complex. J. Virol. 88, 9830-9841. doi: 10.1128/jvi.01425-14

Li, J., McQuade, T., Siemer, A. B., Napetschnig, J., Moriwaki, K., Hsiao, Y. S.,
et al. (2012). The RIP1/RIP3 necrosome forms a functional amyloid signaling
complex required for programmed necrosis. Cell 150, 339-350. doi: 10.1016/j.
cell.2012.06.019

Li, X, Yang, Y., and Ashwell, J. D. (2002). TNF-RII and c-IAP1 mediate
ubiquitination and degradation of TRAF2. Nature 416, 345-347. doi: 10.1038/
416345a

Li, Y. H., Chen, M., Brauner, A., Zheng, C., Skov Jensen, J., and Tullus, K. (2002).
Ureaplasma urealyticum induces apoptosis in human lung epithelial cells and
macrophages. Biol. Neonate 82, 166-173. doi: 10.1159/000063616

Li, Y., Guo, X, Hu, C,, Du, Y., Guo, C,, Di, W, et al. (2018). Type I IEN operates
pyroptosis and necroptosis during multidrug-resistant A. baumannii infection.
Cell Death Differ. 25, 1304-1318. doi: 10.1038/s41418-017-0041-z

Locksley, R. M., Killeen, N., and Lenardo, M. J. (2001). The TNF and TNF receptor
superfamilies: integrating mammalian biology. Cell 104, 487-501. doi: 10.1016/
$0092-8674(01)00237-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2019 | Volume 7 | Article 91


https://doi.org/10.1128/mcb.21.12.3986-3994.2001
https://doi.org/10.1038/ncb3608
https://doi.org/10.1016/j.molcel.2015.07.032
https://doi.org/10.1101/gad.11.21.2810
https://doi.org/10.1007/s10495-010-0560-2
https://doi.org/10.1007/s10495-010-0560-2
https://doi.org/10.1038/ni.1638
https://doi.org/10.1038/s41418-018-0212-6
https://doi.org/10.1038/s41418-018-0212-6
https://doi.org/10.1016/j.bbamcr.2017.07.017
https://doi.org/10.1016/j.bbamcr.2017.07.017
https://doi.org/10.1515/hsz-2016-0102
https://doi.org/10.1038/sj.onc.1204750
https://doi.org/10.1038/s41419-019-1396-5
https://doi.org/10.1165/ajrcmb.14.3.8845179
https://doi.org/10.1038/s41467-017-00406-w
https://doi.org/10.1038/nature11307
https://doi.org/10.1038/sj.onc.1203816
https://doi.org/10.1128/iai.00239-17
https://doi.org/10.1073/pnas.1116302108
https://doi.org/10.1038/sj.cdd.4401157
https://doi.org/10.1101/sqb.2013.78.020321
https://doi.org/10.1016/j.molcel.2017.05.003
https://doi.org/10.1093/femspd/fty020
https://doi.org/10.1093/femspd/fty020
https://doi.org/10.1128/mcb.00257-06
https://doi.org/10.1128/mcb.00257-06
https://doi.org/10.1074/jbc.M113.462341
https://doi.org/10.1016/j.molcel.2017.02.024
https://doi.org/10.1172/jci9020
https://doi.org/10.1038/ni.1754
https://doi.org/10.1093/intimm/dxh014
https://doi.org/10.1016/j.celrep.2017.06.073
https://doi.org/10.1038/ncomms7282
https://doi.org/10.1016/j.celrep.2016.05.032
https://doi.org/10.1016/j.celrep.2016.05.032
https://doi.org/10.1128/jvi.01425-14
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1038/416345a
https://doi.org/10.1038/416345a
https://doi.org/10.1159/000063616
https://doi.org/10.1038/s41418-017-0041-z
https://doi.org/10.1016/S0092-8674(01)00237-9
https://doi.org/10.1016/S0092-8674(01)00237-9
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wajant and Siegmund

TNF and the Life-Death Balance in Macrophages

Man, S. M., Karki, R,, and Kanneganti, T. D. (2017). Molecular mechanisms
and functions of pyroptosis, inflammatory caspases and inflammasomes in
infectious diseases. Immunol. Rev. 277, 61-75. doi: 10.1111/imr.12534

McComb, S., Cessford, E., Alturki, N. A, Joseph, J., Shutinoski, B., Startek, J. B.,
etal. (2014). Type-I interferon signaling through ISGF3 complex is required for
sustained Rip3 activation and necroptosis in macrophages. Proc. Natl. Acad. Sci.
U.S.A. 111, E3206-E3213. doi: 10.1073/pnas.1407068111

McComb, S., Cheung, H. H., Korneluk, R. G., Wang, S., Krishnan, L., and Sad, S.
(2012). cIAP1 and cIAP2 limit macrophage necroptosis by inhibiting Rip1 and
Rip3 activation. Cell Death Differ. 19, 1791-1801. doi: 10.1038/cdd.2012.59

McCormick, A. L. (2008). Control of apoptosis by human cytomegalovirus. Curr.
Top. Microbiol. Immunol. 325, 281-295. doi: 10.1007/978-3-540-77349-8_16

Medler, J., and Wajant, H. (2019). Tumor necrosis factor receptor-2 (TNFR2): an
overview of an emerging drug target. Expert Opin. Ther. Targets 23, 295-307.
doi: 10.1080/14728222.2019.1586886

Medvedev, A. E., Espevik, T., Ranges, G., and Sundan, A. (1996). Distinct roles
of the two tumor necrosis factor (TNF) receptors in modulating TNF and
lymphotoxin alpha effects. J. Biol. Chem. 271, 9778-9784. doi: 10.1074/jbc.271.
16.9778

Menon, M. B., Gropengiesser, J., Fischer, J., Novikova, L., Deuretzbacher, A.,
Lafera, J., et al. (2017). p38(MAPK)/MK2-dependent phosphorylation controls
cytotoxic RIPK1 signalling in inflammation and infection. Nat. Cell Biol. 19,
1248-1259. doi: 10.1038/ncb3614

Mukai, Y., Nakamura, T., Yoshikawa, M., Yoshioka, Y., Tsunoda, S., Nakagawa, S.,
et al. (2010). Solution of the structure of the TNF-TNFR2 complex. Sci. Signal.
3:ra83. doi: 10.1126/scisignal 2000954

Orning, P., Weng, D., Starheim, K. Ratner, D., Best, Z., Lee, B, et al
(2018). Pathogen blockade of TAKI triggers caspase-8-dependent cleavage of
gasdermin D and cell death. Science 362, 1064-1069. doi: 10.1126/science.
aau2818

Pajuelo, D., Gonzalez-Juarbe, N., Tak, U., Sun, J., Orihuela, C. J., and Niederweis,
M. (2018). NAD(+) depletion triggers macrophage necroptosis, a cell death
pathway exploited by Mycobacterium tuberculosis. Cell Rep. 24, 429-440. doi:
10.1016/j.celrep.2018.06.042

Pan, S., An, P, Zhang, R., He, X,, Yin, G., and Min, W. (2002). Etk/Bmx as a tumor
necrosis factor receptor type 2-specific kinase: role in endothelial cell migration
and angiogenesis. Mol. Cell. Biol. 22, 7512-7523. doi: 10.1074/jbc.M310678200

Park, H.H., Lo, Y. C,, Lin, S. C., Wang, L., Yang, ]. K., and Wu, H. (2007). The death
domain superfamily in intracellular signaling of apoptosis and inflammation.
Annu. Rev. Immunol. 25, 561-586. doi: 10.1146/annurev.immunol.25.022106.
141656

Park, Y. C., Ye, H,, Hsia, C,, Segal, D., Rich, R. L., Liou, H. C,, et al. (2000).
A novel mechanism of TRAF signaling revealed by structural and functional
analyses of the TRADD-TRAF2 interaction. Cell 101, 777-787. doi: 10.1016/
S0092-8674(00)80889-2

Pathak, S. K., Tavares, R., de Klerk, N., Spetz, A. L., and Jonsson, A. B.
(2013). Helicobacter pylori protein JHP0290 binds to multiple cell types and
induces macrophage apoptosis via tumor necrosis factor (TNF)-dependent and
independent pathways. PLoS One 8:77872. doi: 10.1371/journal.pone.0077872

Pauli, U. (1994). Control of tumor necrosis factor gene expression. Crit. Rev.
Eukaryot. Gene Expr. 4, 323-344. doi: 10.1615/critreveukargeneexpr.v4.i2-3.20

Peterson, L. W., Philip, N. H., Dillon, C. P., Bertin, J., Gough, P. J., Green,
D. R, et al. (2016). Cell-extrinsic TNF collaborates with TRIF signaling to
promote Yersinia-induced apoptosis. J. Immunol. 197,4110-4117. doi: 10.4049/
jimmunol.1601294

Philip, N. H., and Brodsky, I. E. (2012). Cell death programs in Yersinia immunity
and pathogenesis. Front. Cell. Infect. Microbiol. 2:149. doi: 10.3389/fcimb.2012.
00149

Philippe, C., Roux-Lombard, P., Fouqueray, B., Perez, J., Dayer, J. M., and Baud, L.
(1993). Membrane expression and shedding of tumour necrosis factor receptors
during activation of human blood monocytes: regulation by desferrioxamine.
Immunology 80, 300-305.

Platnich, J. M., Chung, H., Lau, A., Sandall, C. F., Bondzi-Simpson, A., Chen, H. M.,
et al. (2018). Shiga toxin/lipopolysaccharide activates caspase-4 and gasdermin
D to trigger mitochondrial reactive oxygen species upstream of the NLRP3
inflammasome. Cell Rep. 25, 1525-1536.€7. doi: 10.1016/j.celrep.2018.09.071

Pobezinskaya, Y. L., Kim, Y. S., Choksi, S., Morgan, M. ., Li, T., Liu, C,, et al. (2008).
The function of TRADD in signaling through tumor necrosis factor receptor

1 and TRIF-dependent Toll-like receptors. Nat. Immunol. 9, 1047-1054. doi:
10.1038/ni.1639

Rauert, H., Wicovsky, A., Muller, N., Siegmund, D., Spindler, V., Waschke, J.,
et al. (2010). Membrane tumor necrosis factor (TNF) induces p100 processing
via TNF receptor-2 (TNFR2). J. Biol. Chem. 285, 7394-7404. doi: 10.1074/jbc.
M109.037341

Ray, C. A, Black, R. A, Kronheim, S. R., Greenstreet, T. A., Sleath, P. R., Salvesen,
G. S., et al. (1992). Viral inhibition of inflammation: cowpox virus encodes
an inhibitor of the interleukin-1 beta converting enzyme. Cell 69, 597-604.
doi: 10.1016/0092-8674(92)90223-y

Roca, F. J.,, and Ramakrishnan, L. (2013). TNF dually mediates resistance and
susceptibility to mycobacteria via mitochondrial reactive oxygen species. Cell
153, 521-534. doi: 10.1016/j.cell.2013.03.022

Rodrigues, M. F., Alves, C. C., Figueiredo, B. B., Rezende, A. B., Wohlres-Viana,
S., Silva, V. L., et al. (2013). Tumour necrosis factor receptors and apoptosis
of alveolar macrophages during early infection with attenuated and virulent
Mycobacterium bovis. Immunology 139, 503-512. doi: 10.1111/imm.12097

Rojas, M., Olivier, M., Gros, P., Barrera, L. F., and Garcia, L. F. (1999). TNEF-
alpha and IL-10 modulate the induction of apoptosis by virulent Mycobacterium
tuberculosis in murine macrophages. J. Immunol. 162, 6122-6131.

Rui, Y., Su, J., Wang, H., Chang, J., Wang, S., Zheng, W., et al. (2017). Disruption of
MDAS5-mediated innate immune responses by the 3C proteins of coxsackievirus
A16, coxsackievirus A6, and enterovirus D68. J. Virol. 91:¢00546-17. doi: 10.
1128/jvi.00546- 17

Ruspi, G., Schmidt, E. M., McCann, F., Feldmann, M., Williams, R. O., Stoop, A. A,,
etal. (2014). TNFR2 increases the sensitivity of ligand-induced activation of the
p38 MAPK and NF-kappaB pathways and signals TRAF2 protein degradation
in macrophages. Cell. Signal. 26, 683-690. doi: 10.1016/j.cellsig.2013.
12.009

Saini, N. K., Sinha, R,, Singh, P., Sharma, M., Pathak, R., Rathor, N, et al. (2016).
Mce4A protein of Mycobacterium tuberculosis induces pro inflammatory
cytokine response leading to macrophage apoptosis in a TNF-alpha dependent
manner. Microb. Pathog. 100, 43-50. doi: 10.1016/j.micpath.2016.08.038

Saleh, D., Najjar, M., Zelic, M., Shah, S., Nogusa, S., Polykratis, A., et al. (2017).
Kinase activities of RIPK1 and RIPK3 can direct IFN-beta synthesis induced
by lipopolysaccharide. J. Immunol. 198, 4435-4447. doi: 10.4049/jimmunol.
1601717

Sarhan, J., Liu, B. C., Muendlein, H. L, Li, P., Nilson, R., Tang, A. Y., et al. (2018).
Caspase-8 induces cleavage of gasdermin D to elicit pyroptosis during Yersinia
infection. Proc. Natl. Acad. Sci. U.S.A. 115, E10888-E10897. doi: 10.1073/pnas.
1809548115

Sharma, D., Malik, A., Guy, C., Vogel, P., and Kanneganti, T. D. (2019). TNF/TNFR
axis promotes pyrin inflammasome activation and distinctly modulates pyrin
inflammasomopathy. J. Clin. Invest. 129, 150-162. doi: 10.1172/jci121372

Shivapurkar, N., Toyooka, S., Eby, M. T., Huang, C. X., Sathyanarayana, U. G.,
Cunningham, H. T, et al. (2002). Differential inactivation of caspase-8 in lung
cancers. Cancer Biol. Ther. 1, 65-69. doi: 10.4161/cbt.1.1.45

Siegmund, D., Kums, J., Ehrenschwender, M., and Wajant, H. (2016). Activation
of TNFR2 sensitizes macrophages for TNFR1-mediated necroptosis. Cell Death
Dis. 7:€2375. doi: 10.1038/cddis.2016.285

So, T., and Croft, M. (2013). Regulation of PI-3-kinase and akt signaling in T
lymphocytes and other cells by TNFR family molecules. Front. Immunol. 4:139.
doi: 10.3389/fimmu.2013.00139

Sun, S. C. (2017). The non-canonical NF-kappaB pathway in immunity and
inflammation. Nat. Rev. Immunol. 17, 545-558. doi: 10.1038/nri.2017.52

Tartaglia, L. A., Ayres, T. M., Wong, G. H., and Goeddel, D. V. (1993). A novel
domain within the 55 kd TNF receptor signals cell death. Cell 74, 845-853.
doi: 10.1016/0092-8674(93)90464-2

Taylor, D. J. (1994). Interleukin-4 (IL-4) induces down-modulation and shedding
of the p55 tumour necrosis factor receptor and inhibits TNF alpha’s effect
on rheumatoid synovial fibroblasts. Rheumatol. Int. 14, 21-25. doi: 10.1007/
bf00302667

Teitz, T., Wei, T., Valentine, M. B., Vanin, E. F., Grenet, J., Valentine, V. A.,
et al. (2000). Caspase 8 is deleted or silenced preferentially in childhood
neuroblastomas with amplification of MYCN. Nat. Med. 6, 529-535. doi: 10.
1038/75007

Thapa, R. ], Nogusa, S., Chen, P., Maki, J. L., Lerro, A., Andrake, M., et al.
(2013). Interferon-induced RIP1/RIP3-mediated necrosis requires PKR and is

Frontiers in Cell and Developmental Biology | www.frontiersin.org

May 2019 | Volume 7 | Article 91


https://doi.org/10.1111/imr.12534
https://doi.org/10.1073/pnas.1407068111
https://doi.org/10.1038/cdd.2012.59
https://doi.org/10.1007/978-3-540-77349-8_16
https://doi.org/10.1080/14728222.2019.1586886
https://doi.org/10.1074/jbc.271.16.9778
https://doi.org/10.1074/jbc.271.16.9778
https://doi.org/10.1038/ncb3614
https://doi.org/10.1126/scisignal.2000954
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1016/j.celrep.2018.06.042
https://doi.org/10.1016/j.celrep.2018.06.042
https://doi.org/10.1074/jbc.M310678200
https://doi.org/10.1146/annurev.immunol.25.022106.141656
https://doi.org/10.1146/annurev.immunol.25.022106.141656
https://doi.org/10.1016/S0092-8674(00)80889-2
https://doi.org/10.1016/S0092-8674(00)80889-2
https://doi.org/10.1371/journal.pone.0077872
https://doi.org/10.1615/critreveukargeneexpr.v4.i2-3.20
https://doi.org/10.4049/jimmunol.1601294
https://doi.org/10.4049/jimmunol.1601294
https://doi.org/10.3389/fcimb.2012.00149
https://doi.org/10.3389/fcimb.2012.00149
https://doi.org/10.1016/j.celrep.2018.09.071
https://doi.org/10.1038/ni.1639
https://doi.org/10.1038/ni.1639
https://doi.org/10.1074/jbc.M109.037341
https://doi.org/10.1074/jbc.M109.037341
https://doi.org/10.1016/0092-8674(92)90223-y
https://doi.org/10.1016/j.cell.2013.03.022
https://doi.org/10.1111/imm.12097
https://doi.org/10.1128/jvi.00546-17
https://doi.org/10.1128/jvi.00546-17
https://doi.org/10.1016/j.cellsig.2013.12.009
https://doi.org/10.1016/j.cellsig.2013.12.009
https://doi.org/10.1016/j.micpath.2016.08.038
https://doi.org/10.4049/jimmunol.1601717
https://doi.org/10.4049/jimmunol.1601717
https://doi.org/10.1073/pnas.1809548115
https://doi.org/10.1073/pnas.1809548115
https://doi.org/10.1172/jci121372
https://doi.org/10.4161/cbt.1.1.45
https://doi.org/10.1038/cddis.2016.285
https://doi.org/10.3389/fimmu.2013.00139
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1016/0092-8674(93)90464-2
https://doi.org/10.1007/bf00302667
https://doi.org/10.1007/bf00302667
https://doi.org/10.1038/75007
https://doi.org/10.1038/75007
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Wajant and Siegmund

TNF and the Life-Death Balance in Macrophages

licensed by FADD and caspases. Proc. Natl. Acad. Sci. U.S.A. 110, E3109-E3118.
doi: 10.1073/pnas.1301218110

Thoma, B., Grell, M., Pfizenmaier, K., and Scheurich, P. (1990). Identification of
a 60-kD tumor necrosis factor (TNF) receptor as the major signal transducing
component in TNF responses. J. Exp. Med. 172, 1019-1023. doi: 10.1084/jem.
172.4.1019

Tschopp, J., and Schroder, K. (2010). NLRP3 inflammasome activation: the
convergence of multiple signalling pathways on ROS production? Nat. Rev.
Immunol. 10, 210-215. doi: 10.1038/nri2725

Vince, J. E., De Nardo, D., Gao, W., Vince, A. ., Hall, C., McArthur, K., et al. (2018).
The mitochondrial apoptotic effectors BAX/BAK activate caspase-3 and -7 to
trigger NLRP3 inflammasome and caspase-8 driven IL-1beta activation. Cell
Rep. 25, 2339-2353.e4. doi: 10.1016/j.celrep.2018.10.103

Wajant, H., Pfizenmaier, K., and Scheurich, P. (2003). Tumor necrosis
factor signaling. Cell Death Differ. 10, 45-65. doi: 10.1038/sj.cdd.44
01189

Wajant, H., and Scheurich, P. (2011). TNFR1-induced activation of the classical
NF-kappaB pathway. FEBS J. 278, 862-876. doi: 10.1111/j.1742-4658.2011.
08015.x

Weng, D., Marty-Roix, R., Ganesan, S., Proulx, M. K., Vladimer, G. L, Kaiser,
W. T, etal. (2014). Caspase-8 and RIP kinases regulate bacteria-induced innate
immune responses and cell death. Proc. Natl. Acad. Sci. U.S.A. 111, 7391-7396.
doi: 10.1073/pnas.1403477111

Wicovsky, A., Henkler, F., Salzmann, S., Scheurich, P., Kneitz, C., and Wajant,
H. (2009). Tumor necrosis factor receptor-associated factor-1 enhances
proinflammatory TNF receptor-2 signaling and modifies TNFR1-TNFR2
cooperation. Oncogene 28, 1769-1781. doi: 10.1038/0nc.2009.29

Wong, W. W,, Vince, J. E., Lalaoui, N., Lawlor, K. E., Chau, D., Bankovacki, A., et al.
(2014). cIAPs and XIAP regulate myelopoiesis through cytokine production in
an RIPK1- and RIPK3-dependent manner. Blood 123, 2562-2572. doi: 10.1182/
blood-2013-06-510743

Xaus, J., Comalada, M., Valledor, A. F., Lloberas, J., Lopez-Soriano, F., Argiles,
J. M., et al. (2000). LPS induces apoptosis in macrophages mostly through the
autocrine production of TNF-alpha. Blood 95, 3823-3831.

Xie, P. (2013). TRAF molecules in cell signaling and in human diseases. J. Mol.
Signal. 8:7. doi: 10.1186/1750-2187-8-7

Xu, G., Cirilli, M., Huang, Y., Rich, R. L., Myszka, D. G., and Wu, H. (2001).
Covalent inhibition revealed by the crystal structure of the caspase-8/p35
complex. Nature 410, 494-497. doi: 10.1038/35068604

Yabal, M., Muller, N., Adler, H., Knies, N., Gross, C. J., Damgaard, R. B., et al.
(2014). XIAP restricts TNF- and RIP3-dependent cell death and inflammasome
activation. Cell Rep. 7, 1796-1808. doi: 10.1016/j.celrep.2014.05.008

Yarilina, A., Park-Min, K. H., Antoniv, T., Hu, X., and Ivashkiv, L. B. (2008). TNF
activates an IRFI-dependent autocrine loop leading to sustained expression
of chemokines and STAT1-dependent type I interferon-response genes. Nat.
Immunol. 9, 378-387. doi: 10.1038/ni1576

Zheng, L., Bidere, N., Staudt, D., Cubre, A., Orenstein, J., Chan, F. K, et al.
(2006). Competitive control of independent programs of tumor necrosis factor
receptor-induced cell death by TRADD and RIP1. Mol. Cell. Biol. 26, 3505-
3513. doi: 10.1128/mcb.26.9.3505-3513.2006

Zhou, Q., Snipas, S., Orth, K., Muzio, M., Dixit, V. M., and Salvesen, G. S. (1997).
Target protease specificity of the viral serpin CrmA. Analysis of five caspases.
J. Biol. Chem. 272, 7797-7800. doi: 10.1074/jbc.272.12.7797

Zhou, X., Gewurz, B. E., Ritchie, J. M., Takasaki, K., Greenfeld, H., Kieff, E.,
etal. (2013). A Vibrio parahaemolyticus T3SS effector mediates pathogenesis by
independently enabling intestinal colonization and inhibiting TAK1 activation.
Cell Rep. 3,1690-1702. doi: 10.1016/j.celrep.2013.03.039

Zhu, Y., Cheng, Y., Guo, Y., Chen, J., Chen, F., Luo, R,, et al. (2016). Protein
kinase D2 contributes to TNF-alpha-induced epithelial mesenchymal transition
and invasion via the PI3K/GSK-3beta/beta-catenin pathway in hepatocellular
carcinoma. Oncotarget 7, 5327-5341. doi: 10.18632/oncotarget.6633

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Wajant and Siegmund. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

May 2019 | Volume 7 | Article 91


https://doi.org/10.1073/pnas.1301218110
https://doi.org/10.1084/jem.172.4.1019
https://doi.org/10.1084/jem.172.4.1019
https://doi.org/10.1038/nri2725
https://doi.org/10.1016/j.celrep.2018.10.103
https://doi.org/10.1038/sj.cdd.4401189
https://doi.org/10.1038/sj.cdd.4401189
https://doi.org/10.1111/j.1742-4658.2011.08015.x
https://doi.org/10.1111/j.1742-4658.2011.08015.x
https://doi.org/10.1073/pnas.1403477111
https://doi.org/10.1038/onc.2009.29
https://doi.org/10.1182/blood-2013-06-510743
https://doi.org/10.1182/blood-2013-06-510743
https://doi.org/10.1186/1750-2187-8-7
https://doi.org/10.1038/35068604
https://doi.org/10.1016/j.celrep.2014.05.008
https://doi.org/10.1038/ni1576
https://doi.org/10.1128/mcb.26.9.3505-3513.2006
https://doi.org/10.1074/jbc.272.12.7797
https://doi.org/10.1016/j.celrep.2013.03.039
https://doi.org/10.18632/oncotarget.6633
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	TNFR1 and TNFR2 in the Control of the Life and Death Balance of Macrophages
	Introduction
	Tnfr1-Related Signaling Pathways
	Tnfr2-Related Signaling Pathways
	The Tnf-Induced Cytotoxic Signaling Network in Macrophages
	Tnfr1-Dependent Necroptosis in Macrophages
	Tnf-Induced Necroptosis and Its Integration in Prr Signaling
	Cooperation of Tnf and Type I Interferons in Necroptotic Signaling in Macrophages
	Tnf and Caspase-8-Mediated Inflammasome Activation and Pyroptosis
	Conclusion and Perspective
	Author Contributions
	Funding
	References


