
Acute organ failure following the loss of anti-apoptotic
cellular FLICE-inhibitory protein involves activation
of innate immune receptors
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Apoptosis signaling is involved in both physiological tissue homeostasis and acute and chronic diseases. The role of regulatory
apoptosis signaling molecules and their organ-specific functions are less defined. Therefore, we investigated the loss of the anti-
apoptotic cellular FLICE-inhibitory protein (cFLIP) and the mechanisms of the resulting lethal organ failure in vivo using inducible
knockout mice. These were generated by crossing floxed cFLIP mice to a tamoxifen inducible Rosa26-creERT2 mouse strain.
Death following global loss of cFLIP resulted from liver failure, accumulation of M1-polarized macrophages and accompanying
hepatic cell death and inflammation. Apoptosis was also prominent in immune cells, the kidney and intestinal epithelial cells (IECs)
but not in cardiomyocytes. Cellular injury led to the release of damage-associated molecular patterns (DAMPs) and the induction of
innate immune receptors including toll-like receptors (TLRs) 4 and 9, and stimulator of interferon genes (STING). Transplantation of
bone marrow with intact cFLIP or depletion of macrophages prevented the phenotype of acute liver failure. Interestingly,
compound deletion of cFLIP in bone marrow-derived cells and hepatocytes did not promote organ failure. Thus, cFLIP exerts a
critical role in tissue homeostasis by preventing the activation of monocytic cells and innate immunity, which causes cell death and
inflammation in susceptible tissues. These results encourage the development of organ-specific anti-apoptotic and anti-
inflammatory therapies in acute organ failure.
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The mortality of acute organ failure is high and the underlying
pathophysiological mechanisms are poorly understood. Cel-
lular injury from controlled (apoptosis and necroptosis) or
uncontrolled (necrosis) cell death and metabolic, regulatory
modes of tissue turnover (autophagy) contribute to the
regulation of tissue homeostasis. Even minor alterations in
the finely tuned balance of proliferation and cell death can lead
to severe organ dysfunction or cancer.1 In hepatocytes,
apoptosis can be initiated through an extrinsic or intrinsic
signaling pathway. Activation of the extrinsic signaling
cascade involves cell surface bound receptors among which
the tumor necrosis factor (TNF)-receptor superfamily is the
most prominent.2 Receptor-mediated apoptosis involves
formation of an intracellular death-inducing signaling complex
(DISC), which includes procaspase 8 and cellular FLICE-
inhibitory protein (cFLIP) among others.2 cFLIP is a caspase 8
homolog and exerts anti-apoptotic function by blocking
caspase 8 activation. Loss of cFLIP has been shown to result
in embryonic lethality from increased apoptosis of
cardiomyocytes.3 cFLIP is critically involved in apoptosis-
and stress-signaling pathways in IECs,4 hepatocytes,5–7

lymphocytes8 and myeloid lineage-derived cells.9 Recently,
Piao et al.10 showed that deletion of cFLIP using different
transgenic mouse strains impaired hepatocyte and IEC
survival by inducing cell death dependent on TNF, Fas ligand
and TNF-related apoptosis-inducing ligand (TRAIL). Addition-
ally, a Mx1-Cre line was used to assess the role of cFLIP in
global cellular homeostasis and in these mice a phenotype
with fatal hepatitis was observed. However, these studies did
not exclude that interferon (IFN)-dependent signals triggered
by poly I:C could promote cellular injury through, for example,
TLR3 and melanoma differentiation-associated protein 5
(MDA-5). Also, the underlying pathomechanisms of this
phenotype remained unresolved.
To investigate the mechanisms of cFLIP-induced organ

failure, we generated mice with conditional, ubiquitous
deletion of cFLIP by crossing floxed cFLIPf/f mice to a
tamoxifen-inducible Rosa26-creERT2 mouse strain. Loss of
cFLIP resulted in acute liver failure characterized hypoglyce-
mia and hyperbilirubinemia, and was accompanied by deple-
tion of intrahepatic leukocytes and the activation of
inflammatory macrophages. All mice died within 96 h.
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Interestingly, this phenotype was not explained by the loss of
cFLIP in hepatocytes or hematopoietic cells alone, indicating
an organ-spanning crosstalk or the involvement of further
compartments. Furthermore, we show that DAMPs, including
cell-free double-stranded (ds)DNA, released during cell death
induce upregulation and activation of dsDNA-sensing endo-
somal and cytosolic signaling pathways, namely TLR9 and
STING, which contribute to an overwhelming inflammatory
immune response and cell death. This phenotype was
prevented by replenishment of cFLIP in bone marrow-
derived cells (BMC) or depletion of macrophages.

Results

To investigate the physiological role of cFLIP in vivo, we
generated inducible cFLIP-deficient mice (FLIPf/f-creERT2)
that exhibit a tamoxifen-inducible cre-recombinase.8,11 The
efficiency of cFLIP deletion was confirmed in hepatic, spleen
and intestinal tissue at 48 h by immunohistochemistry
(Figure 1a), immunoblotting (Figure 1b) and qRT-PCR
(Figure 1c), indicating reduction of cFLIP protein expression
by 40%. Reduction of cFLIP protein led to acute liver
failure with elevated serum alanine-aminotransferase (ALT)
(Figure 1d), hypoglycemia (Figure 1e) and elevated lactate
dehydrogenase (LDH) (Figure 1f). In addition, loss of liver
function was characterized by increased serum bilirubin levels
and a prolonged prothrombin time (Figure 1f). All mice died
within 96 h (Figure 1g).
Hematoxylin and eosin (H&E) stainings showed increased

amounts of apoptosis and immune cell infiltrates in liver,
spleen, kidney and intestinal tissue of FLIPf/f-creERT2 mice at
48h following tamoxifen treatment (Figure 2a). In contrast,
heart or brain showed only marginal alterations in apoptotic
rates (data not shown). Also, terminal dUTP nick-end labeling
(TUNEL) staining and immunohistochemistry for cleaved
caspases 8, 9 and 3 revealed apoptosis in hepatic, spleen
and intestinal tissue (Figures 2b and e). In line with the role of
caspases in this type of injury, pretreatment with the
pancaspase inhibitor zVAD ameliorated liver injury, normal-
ized blood glucose levels (Figures 2c and d) and blocked
caspase activation (Figure 2e). This implies that caspase-
dependent apoptotic processes are the predominant type of
cell death in response to loss of cFLIP.

Stress kinases and pro-inflammatory cytokines mediate
acute liver failure. To assess the involved mechanisms,
stress kinase signaling pathways were examined. The
mitogen-activated protein kinase (MAPK) JNK has been
shown to regulate apoptotic liver injury and hepatic
fibrosis.12,13 Following loss of cFLIP, increased phosphoryla-
tion of the p46 and p54 JNK isoforms and activation of the
downstream transcription factor cJun (Figure 2f) were
detected. Analysis of serum cytokines/chemokines showed
a significant increase in IL-6, IFN-γ, TNF and the
macrophage-attractant chemokine CCL2 (MCP-1) in FLIPf/f-
creERT2 mice. Cytokine/chemokine levels reached a max-
imum at 36 h and declined thereafter (Figure 3a). Their
potential source are resident immune cells in the liver or
extrahepatic immunocompetent cells. Thus, their expression
levels in liver and spleen were examined. Expression of IL-6,

TNF, CCL2, IL-1β, IFN-α and -β was markedly upregulated in
whole liver lysates of FLIPf/f-creERT2 mice at 48 h post
tamoxifen (Figure 3b) indicative of acute inflammation. In
contrast, an enhanced expression of IFN-γ but not TNF, IL-6
or CCL2 was detected in CD11b+ splenocytes derived from
tamoxifen-treated FLIPf/f-creERT2 mice (Figure 3c), indicat-
ing that the source of IFN-γ was extrahepatic CD11b+

immune cells. These data underline the activation of
immunocompetent cells in response to loss of cFLIP.

Intrahepatic, immunocompetent cell populations are
activated following loss of cFLIP. To assess the contribu-
tion of intrahepatic leukocyte populations, FACS analyses
were performed. At 48 h, a significant loss of CD45+

immunocompetent cells in the liver of FLIPf/f-creERT2 mice
was observed (Figure 4a). Quantification of different leukocyte
subsets (Figure 4b) revealed a significant reduction in relative
numbers of T and B lymphocytes but a significant relative
increase in macrophages in the liver following the deletion of
cFLIP. The relative numbers of NK cells were slightly higher. In
contrast, the absolute number of macrophages and NK cells
seemed to increase over the first 36 h after deletion of cFLIP –

likely related to an enhanced recruitment of these immune
cells – and then decreased in parallel to the number of
lymphocytes (Figure 4c, data not shown). Also, immunohis-
tochemistry and qRT-PCR revealed the decrease in intrahe-
patic F4/80+ cells and F4/80 gene expression at 48 h in FLIPf/f-
creERT2 mice (Supplementary Figure 1A and B).
To determine the sensitivity of lymphocytes (CD11b−) and

monocytes/macrophages (CD11b+) to undergo apoptosis
following the loss of cFLIP, CD11b− and CD11b+ splenocytes
were examined ex vivo. The viability of CD11b− and CD11b+

cells decreased at 48 h following deletion of cFLIP in vitro.
Interestingly, survival of CD11b− cells derived from FLIPf/f-
creERT2 mice was significantly lower as compared with
CD11b+ cell populations (62 versus 83%; Figure 4d).
Together, these findings suggest that monocytes/macro-
phages are less sensitive to cell death following deletion of
cFLIP than CD11b− lymphocytes and persistence of these
cells in the liver could be related to the inflammatory
phenotype observed. In addition, FACS analysis of peripheral
blood also revealed a strong reduction of lymphocytes in FLIPf/f-
creERT2 mice already at 36 h, while the number of macro-
phages and NK cells was not altered (data not shown).
Surprisingly, the relative composition of leukocyte subsets in
the spleen was hardly affected (data not shown). These results
point toward a differential sensitivity of lymphocytes and
macrophages to undergo cell death following deletion of cFLIP
also depending on the harboring organ.

Macrophages are responsible for inflammation and liver
injury following loss of cFLIP. To further address the role
of intrahepatic macrophages in acute liver failure, polarization
was analyzed using antibodies directed against classically
activated M1 macrophages (CD80, CD86 and I-Ab) or
alternatively activated M2 macrophages (CD206). Compared
with wild-type controls, macrophages in the liver of FLIPf/f-
creERT2 mice showed higher expression for CD80 and CD86
and lower CD206 expression following tamoxifen injection
(Figure 4e), indicating a predominance of an inflammatory,
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Figure 1 Deletion of cFLIP in mice leads to acute liver failure and death. Expression of cFLIP was determined by (a) immunohistochemistry (scale bar: 2000 μm),
(b) immunoblotting and (c) qRT-PCR in liver, spleen and intestine of wt and FLIPf/f-creERT2 mice following injection with tamoxifen or solvent at 48 h. (d) Serum ALT, (e) blood
glucose, (f) serum LDH, bilirubin (LLD= lower limit of detection), relative prothrombin time and (g) overall survival were determined at the indicated time points following treatment
with tamoxifen. Data represent mean± S.E.M. (c–g: n= 5–9 mice/group), P-values for wt versus FLIPf/f-creERT2: *Po0.05, **Po0.01, ***Po0.001
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Figure 2 Liver injury in FLIPf/f-creERT2 mice is caspase dependent and involves JNK activation. (a) Histological sections stained with hematoxylin and eosin (scale bar:
2000 μm), (b) TUNEL (scale bar: 2000 μm) and immunohistochemistry for activated caspases (scale bar: 2000 μm) in liver from wt and FLIPf/f-creERT2 mice are shown at 48 h
post tamoxifen. (c) ALT, (d) blood glucose and (e) caspase 3 activation in liver, spleen and intestine (scale bar: 2000 μm) were assessed following pretreatment with zVAD or
solvent (DMSO) for 1 h. (f) Activation of JNK and c-Jun was determined by immunoblotting in whole liver lysates at 48 h. Data represent mean± S.E.M. (c and d: n≥7 mice/
group), P-values for wt versus FLIPf/f-creERT2: *Po0.05, **Po0.01, ***Po0.001 and for FLIPf/f-creERT2 mice± zVAD: $Po0.05, $$Po0.01, $$$Po0.001
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classically activated M1 phenotype. To investigate their
contribution to acute liver failure, macrophages were depleted
by pretreatment with liposome-encapsulated dichlormethy-
lene diphosphonate (clodronate) or PBS 48 h before tamox-
ifen injection.14 Depletion of macrophages significantly
ameliorated liver injury (Figure 4f) and prevented death,

indicating that the observed injury is dependent on macro-
phage activation in the liver.

Preservation of cFLIP in hematopoietic cells protects
from immune-mediated acute liver failure. To further
substantiate the potential role of cFLIP in immunocompetent

Figure 3 Deletion of cFLIP leads to an enhanced secretion of pro-inflammatory cytokines and the macrophage-attractant CCL2. (a) Serum cytokines and (b) their hepatic
mRNA expression at 48 h were measured in tamoxifen-treated wt and FLIPf/f-creERT2 mice. (c) CD11b− and CD11b+ cells were isolated from spleen of wt and FLIPf/f-creERT2
mice at 48 h following treatment with tamoxifen using CD11b MACS beads. mRNAs were purified and measured by qRT-PCR for relative IL-6, IFN-γ, TNF and CCL2 (MCP-1)
mRNA expression. Data represent mean±S.E.M. (a–c: n≥ 7 mice/group), P-values for wt versus FLIPf/f-creERT2: *Po0.05, **Po0.01, ***Po0.001
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Figure 4 Loss of cFLIP induces apoptosis of intrahepatic T and B lymphocytes and activation of macrophages. (a) Living intrahepatic CD45+ cells were quantified by flow
cytometry. Numbers are expressed relative to tamoxifen-treated wt mice. A representative forward (FSC) and side scatter (SSC) plot is shown. (b) Intrahepatic leukocyte subsets
were quantified by gating on CD45+CD3+CD4+ and CD45+CD3+CD8+ for T lymphocytes, CD45+CD3−B220+ for B lymphocytes, CD45+CD3−CD4−NK1.1+ for NK cells and
CD45+F4/80+CD11b+ for macrophages and quantitated relative to CD45+ cell numbers. (c) Intrahepatic macrophages were quantified by gating on living CD45+F4/80+CD11b+

cells. Numbers are expressed relative to tamoxifen-treated wt mice. (d) CD11b− and CD11b+ cells were isolated from spleen of naive wt and FLIPf/f-creERT2 mice and stimulated
for 48h with different concentrations of 4-hydroxytamoxifen (4-OHT) as indicated or ethanol as a control. Cellular viability after deletion of cFLIP was quantified by Nicoletti assay.
(e) Macrophages were characterized by M1/M2markers. (f) Depletion of macrophages was achieved by clodronate-liposomes 48 h before tamoxifen. ALTwas determined at 48 h.
Data represent mean±S.E.M. (a–f: n= 5–14 mice/group), P-values for wt versus FLIPf/f-creERT2: *Po0.05, **Po0.01, ***Po0.001 and (d) for FLIPf/f-creERT2 cells± zVAD
and (f) for FLIPf/f-creERT2 mice± clodronate liposomes: $Po0.05, $$Po0.01, $$$Po0.001
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cells during acute liver failure, chimeric mice were generated
by transplantation BMC derived from wild-type mice into
FLIPf/f-creERT2 mice. Four weeks following the reconstitu-
tion, a chimerism of 80% was detectable (Supplementary
results). Interestingly, chimeric FLIPf/f-creERT2 mice carrying
wild-type BMC exhibited significantly reduced ALT levels
(Figure 5a) and did not develop hypoglycemia following
tamoxifen treatment (Figure 5b). Additionally, activation of
caspase 3 in liver, spleen and intestine (Figure 5c) and
activation of JNK (Figure 5d) were prevented. Moreover,
levels of TNF (Figure 5e), IL-6, IFN-γ and CCL2
(Supplementary Figure 2A and C) were significantly reduced,
indicating toward a protective role of wild-type BMC in acute
liver failure following loss of cFLIP. The intrahepatic leukocyte
populations following transplantation of wild-type BMC were
not different as compared with non-transplanted FLIPf/f-
creERT2 mice before tamoxifen (data not shown), but
following tamoxifen treatment the absolute number of
CD45+ cells, especially B lymphocytes, was markedly
enhanced in chimeric mice (Figure 5f). When comparing
chimeric wild-type and FLIPf/f-creERT2 mice post tamoxifen,
the previously observed significant changes in T lymphocytes
and macrophages were prevented by wild-type BMC
(Supplementary Figure 2D). Only the percentage of intrahe-
patic B lymphocytes was still moderately reduced. These
results suggest that concomitant deletion of cFLIP in
hematopoietic cells and liver parenchymal cells is required
for the induction of apoptosis and inflammation with resulting
liver failure.
To further differentiate the involved cell types, BMC derived

from FLIPf/f-creERT2 were transferred into wild-type C57BL/6
mice. Interestingly, these chimeric mice did not develop end-
organ injury following tamoxifen injection (Figure 5g), despite
apoptosis in the spleen (data not shown). Likewise, trans-
plantation of FLIPf/f-creERT2 BMC in mice exhibiting a
hepatocyte-restricted deletion of cFLIP (Alb-Cre:FLIPf/f) did
not promote liver injury following tamoxifen injection
(Figure 5g). Also, splenectomy did not protect from liver failure
(data not shown). These data indicate that loss of cFLIP has to
occur in more departments than leukocytes and hepatocytes.

The activation of macrophages in cFLIP-deficient mice is
triggered by innate immune receptors. Since impairment
of the intestinal barrier – for example, as a result of apoptosis
of IECs – can promote the activation of TLR4, we evaluated
the role of gut-derived endotoxins. Plasma endotoxin levels
were markedly higher in FLIPf/f-creERT2 mice as compared
with wild-type mice at 48 h post tamoxifen (Figure 6a). In
parallel, the expression levels of TLR4 and its adapter protein
myeloid differentiation primary-response protein 88 (MyD88)
were upregulated in their liver (Figure 6b). Gut decontamina-
tion by antibiotics15 led to a decrease in endotoxins and
hepatic TLR4 expression (Figure 6c), but resulted only in a
slight reduction of ALT levels (Figure 6d). These findings
argue against a major role of TLR4 in immune-mediated liver
failure following loss of cFLIP.
Hepatic innate immunity can also be activated through the

endosomal TLR9 and/or cytosolic DNA sensors including
STING that respond to endogenous DAMPs including
free genomic dsDNA.16,17 Indeed, we measured significantly

increased amounts of cell-free DNA in the plasma of FLIPf/f-
creERT2 mice at 48 h post tamoxifen as compared with wild-
type controls (Figure 6e). In line with this, a marked
upregulation of TLR9 expression (Figure 6f) as well as a
significant increase in the expression of STING and its
downstream effector TANK-binding kinase 1 (TBK1) occurred
in their liver (Figure 6f), which was prevented by transplanta-
tion of wild-type BMC (Figure 6f). These observations suggest
that acute liver failure after deletion of cFLIP is related to
activation of immune and parenchymal cells, which are
triggered by the release of DAMPs recognized by TLR9
and STING.
To underline the immune-stimulatory capacity of DAMPs in

the blood of FLIPf/f-creERT2 mice after deletion of cFLIP,
in vitro stimulation experiments were performed. To avoid an
unspecific stimulation through mouse cytokines or other
species-specific factors, the human macrophage-like cell line
THP1 was chosen. PMA-differentiated THP1 cells released
markedly enhanced amounts of IL-6 and TNF when incubated
with serum from FLIPf/f-creERT2 mice following tamoxifen
treatment (Figure 6g). Furthermore, pretreatment of
THP1 cells with chloroquine, an inhibitor of endosomal TLR
activation by nucleic acids, was able to partially block immune
stimulation. These data support a role of circulating DAMPs,
especially cell-free dsDNA, in FLIPf/f-creERT2 mice which are
sensed by several innate immune receptors of macrophages
including TLR9 and STING.

Discussion

Tissue integrity is a crucial prerequisite for the survival of an
organism and cell death mechanisms are tightly controlled by
adapter proteins to prevent acute organ failure. Among these
the caspase 8 homolog cFLIP was identified as critical
regulator of apoptosis and necroptosis in different tissues
and cell types.8,18,19 In the current study, we explored the
function of cFLIP in overall tissue homeostasis by employing
an inducible gene-knockout model, to avoid embryonic
lethality and compensatory adaptations. Ubiquitous loss of
cFLIP in mice led to a different phenotype compared with the
hepatocyte-restricted deletion with fulminant liver failure and
death within 96 h. Apoptosis occurred in liver, spleen, kidney
and intestine reflecting that these tissues are highly sensitive
to caspase 8-mediated apoptosis and indicating the crucial
role of cFLIP in tissue homeostasis in these organs.4,10,19,20

Liver injury was dependent on caspases and accompanied by
activation of JNK, a critical regulator of TNF- and caspase-
mediated apoptosis.21 Other forms of cell death were
unaffected.22,23 Previous studies have observed an important
contribution of programmed necrosis in Alfp- and Mx1-Cre
transgenic models, which was not observed to the same
extent herein and likely reflect differences in the different
animal models used.10

The onset of liver injury was preceded by increasing
concentrations of inflammatory cytokines/chemokines includ-
ing IL-6, IFN-γ, TNF and CCL2 in serum. Interestingly, their
expression, in addition to IL-1β and IFN-α/β but not IFN-γ
occurred specifically in the liver but not in the spleen. IL-6 is a
macrophage and T cell-derived multifunctional cytokine with
both pro- and anti-inflammatory actions, whereas the
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Figure 5 Transplantation of bone marrow cells with intact cFLIP protects from acute liver injury. Wt and FLIPf/f-creERT2 mice transplanted with wt bone marrow cells (BMCwt).
(a) ALT, (b) blood glucose, (c) activated-caspase 3 in liver, spleen and intestine (scale bar: 2000 μm), (d) phosphorylation of JNK in liver lysates, (e) serum TNF
and (f) quantification of intrahepatic CD45+ cells and subsets in their liver at 48 h post tamoxifen. (g) ALT in mice transplanted with BMC derived from FLIPf/f-creERT2 mice
(BMCFLIPf/f− creERT2) at 48 h post tamoxifen (n.d.= not determined). Data represent mean± S.E.M. (a–g: n= 7–16 mice/group), P-values for wt versus FLIPf/f-creERT2:
*Po0.05, **Po0.01, ***Po0.001 and for FLIPf/f-creERT2 cells±BMCwt: $Po0.05, $$Po0.01, $$$Po0.001
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Figure 6 Acute liver failure in FLIPf/f-creERT2 mice is induced through activation of innate immune receptors. (a) Endotoxin levels were determined in the plasma of wt and
FLIPf/f-creERT2 mice at 48 h following injection of tamoxifen. (b) Hepatic mRNAs isolated from wt and FLIPf/f-creERT2 mice at 48 h post tamoxifen were measured by qRT-PCR
for relative TLR4 and MyD88 mRNA expression. (c) After 4 weeks of gut decontamination endotoxin levels in the serum, hepatic mRNA expression of TLR4 and (d) ALT levels
was determined at 48 h post tamoxifen. (e) Cell-free DNA was measured photometrically in the plasma of wt and FLIPf/f-creERT2 mice at 48 h following injection of tamoxifen.
(f) Relative mRNA expression of TLR9, STING and TBK1 was determined in liver from induced mice± BMCwt. (g) Human PMA-differentiated THP1 cells with or without
chloroquine pretreatment (10 μM) were stimulated with serum or plasma of induced wt and FLIPf/f-creERT2 mice. The TLR9 ligand ODN 1826 and plasmid DNA as STING ligand
were used as controls. After 18–24 h, the secretion of IL-6 and TNF was measured in the supernatants. Data represent mean± S.E.M. (a–f: n≥ 6 mice/group, g: of three
independent experiments each in triplicate), P-values for wt versus FLIPf/f-creERT2: *Po0.05, **Po0.01, ***Po0.001 and for FLIPf/f-creERT2 cells±BMCwt: $Po0.05,
$$Po0.01, $$$Po0.001
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inflammatory IFN-γ, which is released by T cells, NK cells and
macrophages, contributes to liver injury by the upregulation of
Fas on hepatocytes, rendering them susceptible to apoptotic
cell death,24 and stimulation of hepatic macrophages. Like-
wise, TNF is known to enhance the production of other pro-
inflammatory cytokines, to provoke cellular recruitment to sites
of injury and to induce hepatocellular apoptosis.25

Macrophage-secreted IL-1β attracts neutrophils, which are
capable of inducing oxidative injury and death of
hepatocytes.26

In line with the observed cytokine pattern and despite an
absolute reduction in intrahepatic CD45+ cells, a relative
increase in NK cells and in particular of macrophages
occurred selectively in the liver, but not in peripheral blood or
spleen. Interestingly, we observed a decreased sensitivity of
macrophages to undergo apoptosis following cFLIP deletion
and accumulation of these cells in the liver could be related to
a prolonged survival. Also we observed an upregulation of
CCL2. The origin of hepatic CCL2 in acute liver injury is known
to be both resident Kupffer cells and injured hepatocytes
leading to the recruitment of monocytes/macrophages, NK
cells, T cells and neutrophil granulocytes.27 Moreover,
hepatic-derived CCL2 is able to stimulate the expansion,
mobilization and subsequent trafficking of bone marrow
population of activated CD11b+F4/80+ monocytes/macro-
phages to the liver, accounting for the marked expansion in
hepatic macrophage numbers seen after acute liver injury.28

Pro-inflammatory, M1-polarized macrophages can contribute
to the recruitment of additional inflammatory and other
immune cells into the tissue, while M2-polarizedmacrophages
are predominantly anti-inflammatory.26 Loss of cFLIP was
accompanied by a shift in the polarization toward a M1 sub-
population of macrophages. Strikingly, depletion of macro-
phages prevented liver injury andmortality. These results point
toward a mechanistic involvement of pro-inflammatory macro-
phages in the context of lethal organ failure following loss of
cFLIP. These macrophages do not seem to be generally more
prone to activation than wild-type macrophages. Nonetheless,
a strong activation occurs following loss of cFLIP through the
high degree of apoptosis of leukocytes, in particular lympho-
cytes, hepatocytes and potentially other non-parenchymal
cells and the emergence of released DAMPs, which triggers
inflammatory signaling and finally more tissue injury. Also, the
data of Piao et al.10 suggests that death ligands produced by
Kupffer cells may be responsible for hepatotoxicity. However, it
remained unclear which mechanisms were involved in the
activation of Kupffer cells.
Induction of apoptosis – particularly in hematopoietic cells –

was a crucial event that preceded liver failure, because in
contrast to previous studies10 mice were rescued by trans-
plantation of wild-type BMC that retained cFLIP suggesting
that concomitant ablation of cFLIP in hematopoietic cells and
hepatocytes is required for organ failure. In line with this,
compound deletion of cFLIP in hepatocytes and hematopoie-
tic cells did not result in liver injury either, despite apoptosis in
the spleen, indicating that potentially other non-parenchymal
cells in the liver, for example, hepatic endothelial cells or
stellate cells contribute to the observed phenotype. Sinusoidal
endothelia cells are already known as a critical regulator of
liver failure in response to Fas/CD95 activation.24 Indeed, two

different endothelial markers (CD31 and FcgammaRIIb) were
strikingly downregulated in hepatic tissue following deletion of
cFLIP. It remains to be determined whether a differential
sensitivity of these cells to undergo apoptosis following the
deletion of cFLIP and thus the relative cellular composition,
resp. ratio of parenchymal and non-parenchymal cells in the
liver at one time point potentially contributes to the observed
phenotype. Overall, these findings suggests an organ-
spanning immune activation inducing acute liver failure and
extend previous observation of the lethal phenotype following
deletion of cFLIP in IECs or a combination of hepatocytes and
IECs.4,10

Ample evidence links gut-derived LPS and TLR4 signaling
to liver injury and inflammation.29 Interestingly, TLR4 is
required both on parenchymal and on hematopoietic derived
cells for liver injury in the context of NASH indicating that these
compartments synergize in the induction of liver injury.30

Despite the involvement of TLR4 and elevated levels of
plasma endotoxins, selective gut decontamination was not
sufficient to block liver injury implying that other mechanisms
may coexist. Also, data by Wittkopf et al.4 support this
hypothesis. Here we identified TLR9 and STING to be critically
involved as sensors of free genomic dsDNA released during
cell death.31 The importance of TLR9 for the sensing of DNA
from apoptotic hepatocytes and subsequent liver damagewas
already shown by Watanabe et al.32 In line with this, STING-
IRF3 signaling has recently been implied in alcoholic liver
disease and STING deficiency prevented interferon regulatory
transcription factor (IRF) 3-mediated mitochondrial hepato-
cellular apoptosis.33 In this context, cytosolic dsDNA, which
activates STING via cGMP-AMP synthase (cGAS), has been
suggested to be crucial for cell death in vitro.34 dsDNA is
normally non-immunogenic due to its rapid extracellular
degradation and intracellular presence of DNA recognizing
receptors. However, under pathophysiological conditions
these protective mechanisms are abrogated and dsDNA
becomes immunogenic.35,36 In the current study, we were
able to detect significant elevated amounts of cell-free DNA in
the blood of mice following loss of cFLIP.
Furthermore, we demonstrate for the first time that besides

TLR9 STING and its downstream molecule TBK1 becomes
upregulated in the context of apoptosis induction in the liver, in
parallel to the IFN-α/β and inflammatory cytokines response
and thus contributes to the lethal inflammatory immune
response after deletion of cFLIP. IFN-α is only induced
following recognition of nucleic acids, for example, released
by dying or dead cells. IFN-α and -β are capable of causing
hepatic injury and liver failure due to apoptosis induction,
release of cytokines (e.g., CCL2, IFN-γ and IL-12) and
leukocyte recruitment. The stimulatory capacity of DAMPs,
including cell-free DNA, in murine blood following cFLIP-
deletion was underlined by in vitro studies using human
macrophage-like THP1 cells. Herein, a serum transmissive
factor induced macrophage activation and the release of
inflammatory cytokines even across species. In this context,
Canbay et al.37 have previously shown that engulfment of
apoptotic hepatocytes by Kupffer cells stimulates death ligand
and cytokine expression. However, our in vitro studies with
chloroquine also underline the involvement of several innate
immune receptors. We cannot rule out that besides TLR9 and
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STING other receptors in particular endosomal and cytosolic
RNA sensors are activated by circulating DAMPs.
In summary, acute organ failure in the context of decreased

cFLIP expression commences by DAMP-triggered inflamma-
tion and activation of immunocompetent cells – particularly
macrophages – in different tissues and especially the liver.
This involves innate immune receptors that sense circulating
DAMPs, including cell-free DNA, and enhance cellular
apoptosis in a positive feed-forward loop by stimulating the
expression of cytokines and death ligands (summarized in
Figure 7). These results support therapeutic strategies that
include selective inhibition of pro-inflammatory macrophages
or their sensing of DAMPs to prevent apoptosis and potentially
improve survival in patients with acute organ failure.

Materials and Methods
Animal models. All animals were bred at the animal facility of the University
Medical Center Mainz, according to the criteria outlined by the ‘Guide for the Care
and Use of Laboratory Animals’ and studies were approved by the committee for
experimental animal research (Landesuntersuchungsamt Rheinland-Pfalz). Mice
expressing the cre-recombinase under control of a tamoxifen-sensitive estrogen
receptor (ROSA26-creERT2)11 were crossed with mice carrying lox-P sites flanking
the Exon 1 in the cFLIP gene.8 Offspring, homozygous for floxed cFLIP and positive
for cre-transgene (FLIPf/f-creERT2), were compared with cre-negative littermates
that are referred to as wild type (wt). Deletion of cFLIP in 8- to 12-week-old mice
was achieved by intraperitoneal (i.p.) injection of 2 mg tamoxifen (Sigma-Aldrich,
Steinheim, Germany) dissolved in olive oil. Additionally, mice with a constitutive
hepatocyte-specific deletion of cFLIP using albumin driven cre-expression (Alb-Cre:
FLIPf/f) were analyzed.5

Generation of chimeric mice by bone marrow transplantation.
For bone marrow transplantation, 2 × 106− 1 × 107 bone marrow cells (BMC)
derived from wild-type or FLIPf/f-creERT2 mice were injected through the tail vein
following lethal irradiation (2 × 6.5 Gy; 3 h). Further experiments were performed
4 weeks post reconstitution. The effectiveness of bone marrow transplantation was
assessed after exposure to a myeloablative dose of γ-irradiation and transplantation
of bone marrow derived from CD45.1 (Ly5.1) C57BL/6 mice into CD45.2 C57BL/6
mice. Four weeks following transplantation, 80% of the immune cells in the liver of
chimeric mice were CD45.1 positive. Interestingly, CD45.2-positive macrophages
could still be identified in their liver (data not shown).

Histological analyses and immunohistochemistry. Samples derived
from liver, spleen, kidney, intestine, heart and brain were fixed in 4%
paraformaldehyde, embedded in paraffin, and stained with hematoxylin and eosin
(H&E). For in situ detection of apoptotic cells, terminal dUTP nick-end labeling
(TUNEL, Roche, Mannheim, Germany) was performed. Immunohistochemistry for
activated caspases 3, 8 and 9 (all from Cell Signaling Technology Inc., Danvers,
MA, USA), cFLIP (ProSci Inc., Poway, CA, USA) and macrophages (F4/80, Acris
Antibodies, San Diego, CA, USA) was performed as previously described.5

Quantitative analysis of cytokines and chemokines. Concentrations
of serum cytokines were measured by cytometric bead array (CBA), Mouse Th1/
Th2 Cytokine Kit and Mouse Inflammation Kit (BD Biosciences, Heidelberg,
Germany) using a BD FACS Canto II flow cytometer (BD Biosciences). Analysis
was performed by the FCAP Array v3 Analysis software (Soft Flow, St. Louis Park,
MN, USA). IL-6 and TNF in the supernatants of the human cell line THP1 were
analyzed by Human IL-6 and TNF ELISA Ready-SET-Go! (eBioscience, San Diego,
CA, USA).

Cell isolation, stimulation and flow-cytometric analysis. Isolation
of intrahepatic immune cells and their flow-cytometric analysis (FACS) were
performed as previously described.5 CD11b− and CD11b+ splenocytes were
isolated following mechanical disruption of the organ and erythrolysis and were
separated using CD11b MACS beads (Miltenyi Biotec, Bergisch Gladbach,
Germany). When indicated, cells were cultured with 4-hydroxytamoxifen (4-OHT,
Sigma-Aldrich) dissolved in ethanol for 48 h at the indicated concentration.
Evaluation by FACS showed that the CD11b− cell fraction consisted of on average
88% T and B lymphocytes, whereas the CD11b+ fraction was significantly enriched
with monocytes/macrophages in addition to dendritic cells and NK cells (68%) (data
not shown).
Human THP1 cells were cultured in RPMI-1640 supplemented with 10% FCS,

2 mM L-glutamine, 0.1 mM MEM non-essential amino acids, 1 mM MEM sodium
pyruvate and 100 U/ml penicillin/streptomycin (all from Gibco, Grand Island, NY,
USA). For differentiation, PMA (Sigma-Aldrich) was added at a concentration of
300 ng/ml for 3–4 h. Cells were then harvested, centrifuged, washed twice and plated
at a concentration of 1 × 106 cells/ml experimentation after 24 h. Pretreatment (1 h)
with or without chloroquine (10 μM, Sigma-Aldrich) preceded the incubation with a
1 : 20 dilution of murine serum or plasma for 24 h. For control, cells were transfected
with CpG ODN 1826 (InvivoGen, San Diego, CA, USA) or plasmid DNA (3 μg/ml)
complexed with SuperFect Transfection Reagent (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.

Quantitative real-time PCR. Isolation of total RNA, cDNA synthesis and
qRT-PCR were performed as previously described.5 Roche LightCycler software
(LightCycler 480 Software Release 1.5.0) was used to perform advanced analysis
relative quantification using the 2(−ΔΔC(T)) method. Expression data were
normalized to the housekeeping gene GAPDH. Primer sequences are listed in
Supplementary Table 1.

Statistical analysis. Values are given as mean± standard error of the mean
(S.E.M.) and represent data from a minimum of three independent experiments. The
F-test was used to verify the assumption of equal variances, and two-tailed
Student’s t-test was used to determine statistical significance. Statistically significant
values are presented as: */$Po0.05, **/$$Po0.01, ***/$$$Po0.001.
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