
cIAP1 and cIAP2 limit macrophage necroptosis by
inhibiting Rip1 and Rip3 activation
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Cellular inhibitor of apoptosis proteins (cIAPs) have emerged as important anti-cell death mediators, particularly in cancer.
Although they are known to be expressed in immune tissue, their specific immune function remains unclear. We observed
that degradation of cIAPs with SMAC mimetic (SM) results in death of primary bone-marrow-derived macrophages. SM-induced
death of macrophages occurred by programmed necrosis (necroptosis), which was dependent on TNF receptor expression.
Consistent with necroptosis, SM-induced death of macrophages was abrogated by inhibition of receptor interacting protein 1
(Rip1) kinase signaling or by receptor interacting protein 3 (Rip3) knockdown. SM-induced necroptosis was also dependent on
inhibition of SM-induced apoptosis due to the expression of the endogenous caspase inhibitor, xIAP. We found that cIAPs limit
Rip3, and to a lesser extent Rip1, expression via post-transcriptional mechanisms, leading to inhibition of the Rip1–Rip3 death
complex (necrosome). Reduced cIAP activity in vivo, via SM treatment or specific knockout of either cIAP, resulted in
elevated macrophage cell death and compromised control of an intracellular bacterium, Listeria monocytogenes. These results
show that cIAPs have an important role in limiting programmed necrosis of macrophages, which facilitates effective control of a
pathogen.
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Innate immune cells are vital to controlling pathogens.
Macrophages mediate phagocytosis of pathogens and initiate
immune responses through the release of inflammatory
cytokines.1 In order to function effectively, macrophages must
be capable of resisting the cytotoxic microenvironments of
infected tissue. Activated macrophages also carry high
levels of potentially toxic reactive oxygen species (ROS)
and inflammatory cytokines.2 Thus, during differentiation,
macrophages are known to upregulate expression of multiple
anti-cell death mediators.3–5

Classically, cell death is thought to be initiated by regulated
signaling, known as apoptosis, or by an unregulated
mechanism from cellular damage, known as necrosis.
This simple paradigm has been challenged by findings that
necrosis can be the result of programmed signaling.6,7

Programmed necrosis (necroptosis) can be specifically
blocked by necrostatin-1 (Nec-1), a small-molecule inhibitor
of the kinase activity of receptor interacting protein 1 (Rip1).8

Necroptosis is generally regarded as an alternative death
pathway, activated when caspase-mediated death is inhib-
ited.9 Under survival conditions Rip1 is ubiquitinated by the
cellular inhibitors of apoptosis proteins (cIAP1 and cIAP2).10

A complex involving ubiquitinated Rip1, cIAPs, and the TNF-a
receptor can drive the activation of NF-kB signaling.7,9

Recently it was shown that cIAP1 inhibition in tumor cells

increases the sensitivity to TNF-induced necroptosis.11,12

Under these conditions, Rip1 becomes deubiquitinated
and forms a kinase-active, necroptosis-inducing complex
with receptor interacting protein 3 (Rip3) and Fas-associated
death domain (FADD) called the necrosome.11,13

Alternatively, deubiquitinated Rip1 can also promote
caspase-8-mediated apoptosis under some conditions.14

The exact targets of the necrosome have yet to be elucidated,
although its activity generally precedes increased ROS
production, loss of plasma membrane integrity, and necrotic
cell death.15

Although increased macrophage cell death is a documen-
ted mechanism for immune evasion by intracellular bac-
teria,16,17 the possible role of necroptosis during infection is
not clear. In addition, the mechanisms that control immune
cell susceptibility to necroptosis are unknown. In tumor cells,
high expression levels of cIAPs are associated with resistance
to cell death.18,19 Similarly, increased cIAP expression during
immune activation20 may represent a novel mechanism
to protect macrophages. In this report, we evaluate the role
of cIAP1 and cIAP2 in macrophages. Using SM-164 (SM), a
mimetic of the SMAC protein that induces rapid and specific
degradation of the cIAPs,21 we show that cIAP expression
protects macrophages from Rip1-dependent necroptotic cell
death and facilitates pathogen control.
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Results

SMAC mimetic induces degradation of both cIAP1 and
cIAP2, resulting in the death of macrophages. We first
addressed the function of cIAPs in macrophages by treating
bone-marrow-derived macrophages (BMDMs) with varying
concentrations of the SM for 4 h. SM treatment rapidly
degraded cIAPs, consistent with previous work in tumor
cells21 (Figure 1a). SM caused degradation of cIAPs at low
concentrations (50 nM) but required higher doses (B1–5 mM)
for complete degradation. Measuring loss of plasma
membrane integrity through propidium iodide (PI) uptake,
SM-treated macrophages began dying by 4 h with almost
complete cell death by 24 h (Figures 1b and c). We also
utilized the MTT assay to confirm dose-dependent loss of cell
viability with SM for 24 h (Figure 1d). Furthermore, we

confirmed that the loss of viability is correlated with cell death
as detected by LDH release in the culture supernatant
(Figure 1d). The murine macrophage cell line J774A1
showed similar increased cell death after SM treatment
(Supplemental Figure 1A).

We next confirmed that SM treatment induced the
degradation of both forms of cIAP. Using either cIAP1- or
cIAP2-deficient macrophages we noted that SM treatment
resulted in the degradation of either cIAP protein (Figure 1e).
Using similar doses of SM cIAP1� /� and cIAP2� /� macro-
phages showed an elevated loss of viability relative to WT
cells (Figure 1f). Thus, it appears that cIAP1 and cIAP2 are
additively redundant in limiting cell death in macrophages.

SM-induced cell death occurs through caspase-
independent programmed necrosis (necroptosis). cIAPs

Figure 1 SMAC mimetic treatment results in degradation of both cIAP1 and cIAP2, and drives cell death of macrophages. Bone-marrow-derived macrophages were
incubated in the presence of SM at various concentrations. (a) After 4 h of treatment with varying concentrations of SM as shown, macrophages were lysed and examined for
cIAP expression via western blot. (b and c) Bone marrow cells were treated directly in culture flasks with or without SM (5 mM), viability was examined by quantifying the
proportion of cells positive for propidium iodide (red) over the total number of cells (Hoechstþ : blue). The average percentage of dead cells from five random fields was used.
(d) After 48 h, cell viability over a range of concentrations was also assessed using MTT assay. Cell supernatants were also examined for LDH release (dashed line). Results
shown are representative for three repeated experiments performed in duplicate.***Po0.001. (e) Bone-marrow-derived macrophages were generated from WT, cIAP1� /�

and cIAP2� /� mice. Macrophages were then placed in six-well plates (106 cells/well) and exposed to SM (5mM) for 0, 1 or 4 h. Cells were then analyzed by western blot for
expression of IAPs. (f) Knockout and WT macrophages were plated in 96-well plates with and without SM. After 24 h, cells were analyzed for viability via MTT assay. Graphs
show the average viability of cells relative to the appropriate untreated control. *Po0.05
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were initially identified as direct inhibitors of caspases,22

although recent evidence has indicated that this may not be
their main role.23 Thus, in order to assess whether the death
from SM treatment occurred due to deinhibition of apoptotic
caspases, BMDMs were treated with SM and a pan-caspase
inhibitor (z-VAD-FMK). Surprisingly, inhibition of caspases
was not only unable to prevent SM-induced death of
macrophages, but there was a significant increase in
sensitivity to SM. This clearly suggests that caspases are
having a protective role in macrophages (Figures 2a and b).
Using a specific inhibitor of caspase-8, we also observed an
increase in SM-induced cell death (Figure 2c). Additionally,
we observed minimal increases in cleavage of fluorogenic
caspase substrates after SM treatment (data not shown).
These results indicate that SM-induced death occurs by a
non-apoptotic pathway.

Necroptosis is an alternative form of cell death usually
revealed when caspase activity is inhibited.7,24 We thus
hypothesized that SM-induced death may be occurring
through necroptosis. To test this, we co-treated macrophages
with SM and the specific inhibitor of Rip1 kinase, Nec-1.24

Whereas caspase inhibition increased sensitivity of macro-
phages to SM, Nec-1 completely abrogated SM-induced loss
of viability (Figures 2a and b). Cell death results were
confirmed by co-staining for cell nuclei (Hoechst) and plasma
membrane integrity via PI exclusion (Figure 2b). We also
utilized live fluorescence microscopy to confirm that SM
induced a loss of mitochondrial activity followed by rapid cell
death (Supplemental Video 1). In contrast, cells treated with
Nec-1 and SM showed no loss of mitochondrial function over a
similar time period (Supplemental Video 2).

X-linked inhibitor of apoptosis (xIAP) inhibits SM-
induced apoptosis. The specific SM we have utilized
(SM164) may also antagonize the x-linked inhibitor of
apoptosis protein (xIAP) without specific degradation.21

Unlike cIAPs, xIAP is a strong inhibitor of caspase activity.25

Utilizing xIAP� /� BMDMs we observed significantly
increased sensitivity to SM relative to WT cells (Figure 3).
Interestingly, we were unable to reverse the effects of SM
in xIAP� /� macrophages through co-treatment with Nec-1
(Figure 3). Only using a combination of zVAD and Nec
were the effects of SM in xIAP� /� macrophages somewhat
abrogated (data not shown). Thus, our data indicate that

Figure 2 SM-induced death occurs by necroptosis. Macrophages were placed in 96-well plates (3� 104 cells/well) and cultured with or without SM and various inhibitors
as shown (Inhibitors at 50mM). (a) At 24 h in culture with varying amounts of SM, necrostatin and/or zVAD, cells were analyzed for viability by MTT assay. Results show the
mean % viability (relative to untreated cells) from two repeated experiments performed in duplicate. *Po0.05; **Po0.005. (b) Viability results were confirmed using Hoechst
(blue) and Propidium iodide (red) co-staining to identify cell death (magenta) at 4 h post treatment. The bar graph shows the average proportion of PIþ cells at various
SM concentrations with necrostatin and/or zVAD co-treatment, taken from five random fields per treatment. Similar results were observed in three repeated experiments
performed in triplicate. (c) After 48 h in culture with a specific caspase-8 inhibitor (z-IETD-CHO) and/or SM treatment, cells were analyzed for viability by MTT assay.
Results presented were performed in duplicate

Figure 3. xIAP expression protects macrophages from SM-induced apoptosis.
Bone marrow macrophages were derived from WT and xIAP� /� donor mice. Cells
were then treated with varying concentrations of SM, with or without the addition of
necrostatin, for 24 h and examined for viability via MTT assay. Experiments were
performed four times in triplicate. ***Po0.001; **Po0.005
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xIAP expression appears to prevent the induction of
apoptosis by SM. Furthermore, xIAP expression is necessary
for SM-induction of the alternate pathway of necroptosis.

SM treatment results in increased Rip3 expression and
Rip1/Rip3 complex (necrosome) formation. Rip1 and
Rip3 are critical mediators of necroptosis,11,26 thus we
investigated changes in their expression induced by SM
treatment. We first examined Rip1 following SM treatment,
where alongside cIAP degradation we observed an increase
in a slower migrating form of Rip1 (Figure 4a). The slower
migrating band of Rip1 has been previously shown to be the
phosphorylated form of Rip1.27 We confirmed this by treating
cell lysates with lambda phosphatase, which resulted in loss
of the slower migrating band (Supplemental Figure 2A).
Nec-1 treatment also resulted in less Rip1 phosphorylation
(Figure 4a). We noted similar changes in Rip1 phosphoryla-
tion in J774A1 cells (Supplemental Figure 1B). In addition to
increased Rip1 phosphorylation, we observed an upregula-
tion of Rip3 kinase expression within minutes of SM
treatment. Consistent with necroptosis, immunoprecipitation
experiments revealed that Rip1 shows less association
with cIAP and more with Rip3 following SM treatment

(Supplemental Figure 2B). The endogenously expressed
modulator of caspase-8 activity, FLIP, has also been shown
to effect the induction of necroptosis.28 We observed a small
increase in the short form of FLIP (FLIP(S)) following SM
treatment (Figure 4a). Within J774A1 cells, the induction of
FLIP(S) following SM treatment was much more apparent
(Supplemental Figure 1B). These data indicate that FLIP(S)
expression may have a role in SM-induced necroptosis.

Using the densitometry measurements from three separate
western blot experiments we observed a consistent increase
in Rip3 expression by 1 h post-SM treatment, with a smaller
increase in Rip1 expression (Figure 4b). It is important to note
that we observed relatively low levels of overall Rip3
expression that were only detectable using the highly
sensitive Supersignal West Femto chemiluminescence
substrate. Using qRT-PCR we observed a minor increase in
Rip1 and Rip3 mRNAs (B1.25 fold), with a consistent
downregulation by 4 h after SM treatment (Figure 4c). On
the basis of this and the speed of their upregulation, we
hypothesize that increased expression of Rip3, and to a lesser
extent Rip1, occurs due to decreased turnover of Rips
following SM treatment. Consistent with this, treatment with
pan-caspase inhibitor zVAD, or the 20s proteasome inhibitor

Figure 4 SM induces Rip1/Rip3 necrosome activation. (a) Bone-marrow-derived macrophages were placed in a 24-well plate at 3� 105 cells per well. Cells were then
stimulated for various time intervals with SM and/or Nec-1 as indicated. Cell lysates were analyzed for expression of cIAP, Rip1, Rip3 and FLIP via western blot. (b) Three
separate western blot experiments were performed (as described in a) and examined by densitometry using ImageJ software. The mean expression level of Rip1 and Rip3
normalized to actin and relative to untreated control is shown. *Po0.05. (c) Bone-marrow-derived macrophages were stimulated with SM for 1 or 4 h as indicated. Cell lysates
were then used to isolate RNA for qRT-PCR analysis. The average relative transcript level of Rip1 and Rip3 relative to untreated control and normalized to actin is shown from
three separate experiments performed in duplicate
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lactacystin, resulted in increased expression of both Rips
(Supplemental Figure 3). Thus our data indicate that cIAPs
may enhance proteolytic degradation of Rip1 and Rip3
kinases.

To confirm the importance of Rip3 in SM-induced cell death,
we utilized targeted siRNA knockdown of Rip3. For optimal
transfection efficiency we utilized a mouse macrophage cell
line (J774A1). The siRNA knockdown of Rip3 was confirmed
at 48 h by western blot (Figure 5a), whereas Rip1 expression
was not affected (data not shown). While Rip3 siRNA
treatment did not influence cell viability without treatment,

Rip3 knockdown resulted in a significant (B50%) rescue of
cells exposed to SM (Figure 5b). We also evaluated the
effect of SM in Rip3-deficient macrophages. As expected,
Rip3-deficient BMDMs were highly resistant to SM-induced
cell death (Figure 5c). We observed a similar increase in
pRip1 and FLIP(S) in Rip3� /� macrophages as in WT cells,
indicating that these mechanisms remain intact in the
absence of Rip3 expression (Supplemental Figure 4). This
datum confirms that SM-induced macrophage cell death
occurs via Rip1–Rip3-mediated necroptosis.

SM-induced necroptosis is TNF-R dependent. Previous
investigations into necroptosis have identified the TNF
receptor as the central inducer of necroptosis.10,13,26 Thus,
we examined TNF signaling in SM-induced macrophage
death by utilizing BMDMs from mice deficient in TNF
receptors 1 and 2 (TNF-R1/2� /� ). We observed that in the
absence of TNF-R, there was minimal cell death following
SM treatment (Figure 6a). Examination of TNF-R1/2� /�

macrophages by western blot showed no change in Rip1 or
Rip3 in response to SM treatment (Figure 6b). Interestingly,
macrophages lacking TNF-R appear to have higher basal
expression of both Rip1 and Rip3, suggesting that the TNF-R
may have a significant role in the degradation of Rips. We
also utilized fluorescence microscopy to examine localization
of Rip kinases following SM treatment. We observed
that Rip1 and Rip3 show increased co-localization with the
TNF-R at the cell membrane following SM treatment
(Figure 6c). Finally, we confirmed increased association
of Rip1 with the TNF-R using co-immunoprecipitation
(Figure 6d). Thus, our data indicate that SM-induced
degradation of cIAPs results in the association of Rip kinases
at the TNF-R.

In vivo administration of SM results in increased
macrophage necrosis. We assessed the in vivo effects of
cIAP degradation by injecting mice with SM (5 mg/kg)
intraperitoneally. At 6 h post treatment, we noted a drop in the
expression of cIAP1 and cIAP2 in spleen and peritoneum
(Figure 7a). Decreased cIAP expression corresponded with
increased macrophage (F4/80þCD11bþ ) cell death, as
determined by loss of PI exclusion (Figure 7b). To examine
the effects of repeated dosing, we injected mice with SM
daily (i.p.) for 4 days and examined peritoneal cells by flow
cytometry. Macrophage numbers were significantly reduced
in SM-treated mice, whereas T cells had no significant
change (Figure 7c). We also saw no change in the peritoneal
pools of dendritic cells, B cells, and NK cells (Supplemental
Figure 5). These data show that SM treatment causes
increased macrophage death in vivo, and repeated injection
can lead to significantly diminished macrophage numbers.

In vivo SM treatment increases susceptibility to bacterial
infection. Next, we evaluated whether SM-induced death of
macrophages in vivo influences susceptibility to a pathogen.
We infected mice with the intracellular bacterium, Listeria
monocytogenes (LM), as it causes illness in immune
compromised hosts, with the innate immune system having
a key role in control of infection.29 At 3 days post infection we
found that SM-treated mice showed an approximately 10-fold

Figure 5 SM-induced macrophage cell death is Rip3 dependent. J774A1
mouse macrophages cells were placed at 2� 104 cells per well in 96-well plates,
and exposed to siRNA treatment (100 nM) as shown for 48 h. (a) siRNA knockdown
of Rip3 was confirmed after 48 h by western blot. Cells were first treated with SM for
3 h to stimulate Rip3 expression. (b) SM or SMþNec was added to cells, with the
addition of 50ml of media. Cells were then analyzed for viability after 24 h, using
MTT assay for mitochondrial activity. Results are representative of three repeated
experiments, each performed in triplicate, ***Po0.001. (c) Bone marrow
macrophages were derived from WT and Rip3� /� donor mice and treated
for 24 h with SMþ /� Nec as indicated. Cells were examined for viability after 24 h
using MTT assay. Results show the means of three experiments performed in
triplicate. **Po0.005
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increase in LM burden in both the peritoneum and spleen
(Figure 8a). This correlated to decreased numbers
and increased cell death of macrophages in SM-treated
mice, while T-cell pools were largely unaffected
(Figures 8b and c). Thus, SM-induced macrophage death
can lead to significantly compromised control of a bacterial
pathogen.

cIAP1 or cIAP2 deficiency increases macrophage
necrosis and decreases control of bacteria. Finally, we
determined the separate role of cIAPs in limiting macrophage
death in vivo. Thus, we compared the ability of cIAP1- or
cIAP2-deficient mice to control LM infection. At 3 days post

infection, we observed that both cIAP1� /� and cIAP2� /�

mice had higher bacterial burden when compared with WT
mice (Figure 9a). Consistent with additive redundance in
limiting necroptosis, both cIAP1- and cIAP2-deficient mice
showed lower peritoneal macrophage numbers (Figures 9b
and c) and elevated macrophage cell death compared with
WT mice (Figures 9b and c). To further confirm that cIAP1
and cIAP2 are important in control of macrophage necrosis,
we utilized SM to degrade compensatory cIAP2 expression
in cIAP1-deficient mice during LM infection. Indeed, SM
treatment increased bacterial burden at day 3 post infection
relative to untreated cIAP1� /� mice (Supplemental
Figure 6). Thus, these findings support the conclusion that

Figure 6 SM-induced necroptosis is TNF-R dependent. Bone marrow macrophages were derived from WT and TNFR1/2� /� mice and treated for 24 h with SM (5 mM) or
SM/necrostatin. (a) The viability of cells after SM treatment was measured using MTT assay. Similar results were observed in three repeated experiments performed in
triplicate. (b) Bone marrow macrophages from WT and TNFR1/2� /� mice were exposed to SM þ /� Nec for varying time intervals as indicated. Cell lysates were then
examined for Rip1 and Rip3 expression via western blot. (c) Bone-marrow-derived from WT macrophages were grown on cover slips in six-well plates and exposed to SM for
4 h. After staining with antibodies for TNF-R (blue), Rip1 (red) and Rip3 (green), cells were examined via fluorescent confocal microscopy. Images show an extended focus
image composed of 10 overlaid z-stack images. (d) WT and TNFR1/2� /� macrophages were treated with SM þ /� Nec for varying time as shown and lysed using RIPA
buffer. Co-immunoprecipitation was then performed using Protein-G sepharose beads and an antibody targeting TNF-R1
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cIAP1 and cIAP2 have an additive anti-necroptotic function
within macrophages.

Discussion

The innate immune system provides the first-line of defense
against a myriad of pathogens. Macrophages are critical
innate immune cells that mediate protection through phago-
cytosis of pathogens and expression inflammatory immune
molecules. Indeed, protection against primary LM infection in
immunocompetent hosts is mediated mainly by the innate
immune system.29 It is known that innate immune cells
upregulate expression of cIAPs during differentiation and
activation,4,20,30 however, their function during an immune

Figure 7 In vivo administration of SM results in rapid cIAP degradation and
macrophage cell death. C57BL/6J mice were injected intraperitoneally with 100mg
of SM164. After 6 h, control and treated mice were killed and peritoneal lavage was
performed. (a) An equal number of spleen and peritoneal cells were lysed and
analyzed by western blot for expression of cIAP. (b) Peritoneal cells were stained for
macrophage cell markers and cell death (PIþ ). Histograms show gated populations
of F4/80þCD11bþ macrophages or CD3þ T cells as labeled. Results are
representative of at least three mice analyzed per treatment group. The mean
percentages of dead cells for three mice per group (±S.E.M.) are shown. (c) Mice
were injected daily (IP) with 100mg (B5mg/kg) of SM164. At day 4, mice were killed
and peritoneal lavage was performed. Cells were stained and analyzed by flow
cytometry. Graphs show the average number of F4/80þ and CD3þ cells within
these populations. Similar results were obtained in two experiments each with nZ3
mice per group. ***Po0.001

Figure 8 Increased macrophage necrosis impairs the control of bacterial
burden in vivo. C57BL/6J mice were injected intraperitoneally with 104 LM bacteria.
Mice were also treated with 100mg of SM or vehicle control daily. At day 4 post
infection, mice were killed and peritoneal lavage was performed. (a) Bacterial
burden in the spleen and peritoneum of mice was assessed. (b) Peritoneal cells
were also stained for F4/80 and CD3 expression as well as cell death (PIþ ). (c) The
percentage of cell death (PIþ ) in the macrophage and T-cell populations from
peritoneum as assessed by flow cytometry is shown. The mean values of five mice
per group are shown. *Po0.05; ***Po0.001
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response remains unclear. In this report we thus examined the
in vitro and in vivo role of cIAPs in macrophages.

Our results show that the degradation of cIAPs through
application of SMAC mimetic (SM) results in macrophage
cell death. This result appears to contradict a recent report
showing that human monocytes are susceptible to SM-
induced cell death whereas macrophages are resistant.31

The difference in macrophage viability results may be due to
the reduced concentrations of a different SM, BV6, which was
employed in that study.31 In our study, we employed higher
concentrations of SM to induce complete degradation of
cIAPs.21 The necessity for more SM may be driven by higher
cIAP expression within macrophages. Furthermore, minor
differences between murine and human cIAPs may also
necessitate higher doses of SM. Importantly, the in vitro dose

of SM utilized here is biologically relevant, as it is consistent
with tissue concentrations in previously reported in vivo
experiments.21

The abrogation of SM-induced cell death by necrostatin or
Rip3 knockdown clearly pinpoints the mechanism to be the
alternative cell death pathway of necroptosis. Caspases,
particularly caspase-8, have been implicated as negative
regulators of programmed necrosis through cleavage of
Rip-kinases.6 Recent work underlines this anti-necroptotic
role, as embryonic lethality in caspase-8-deficient mice was
rescued by also knocking out the necroptosis mediator Rip3
kinase.32 Generally, necroptosis is studied using caspase
inhibitors (e.g., zVAD-FMK) to allow robust activation of this
alternative death pathway,11 although necroptosis has been
reported to occur without caspase inhibitors.12 In macro-
phages, we find that zVAD enhanced SM-induced death
of macrophages (Figure 2) but caspase inhibition was not
necessary for macrophage necroptosis. The endogenous
modulator of caspase-8, FLIP, can also regulate necroptosis,
with the FLIP-long form inhibiting necroptosis 33 while FLIP-
short increases necroptosis.28 Interestingly, we see a minor
and transient induction of FLIP-short following SM treatment
of macrophages, although it remains unclear whether this is
important in SM-induced necroptosis. Thus, it appears that
cIAPs and caspases cooperate to protect macrophages from
necrotic cell death.

xIAP is a strong endogenous inhibitor of caspases 34 but its
role in necroptotic cell death is yet to be studied. We found that
xIAP-deficient macrophages were significantly more sensitive
to SM-induced cell death. However, unlike in WT cells,
necrostatin was unable to rescue this SM-induced cell death.
On the basis of this, we infer that in the absence of xIAP, SM
may induce apoptotic rather than necroptotic cell death.
Recently, it was shown that xIAP can inhibit the formation of
an apoptotic ‘ripoptosome’ involving both Rip-1 kinase
and caspase-8 35 This may explain enhanced SM-induced
non-necroptotic cell death in xIAP-deficient macrophages.
Taken with the finding that zVAD enhanced SM-induced
necroptosis, this leads the intriguing possibility that xIAP
may selectively inhibit apoptotic activity while allowing
anti-necroptotic caspase activity. Thus, our results indicate
that xIAP expression in macrophages inhibits SM-induced
apoptosis, whereas cIAP1 or cIAP2 limit alternative death
through the necroptosis pathway.

Most studies examining SM-mediated death in tumor cells
have found death occurs in concert with TNF-a signaling.36,37

Consistent with these previous findings, we observed no
significant induction of cell death or change in the Rip1
activation within SM-treated TNFR1/2� /� macrophages.
Interestingly, TNFR1/2� /� macrophages showed elevated
basal levels of Rip kinases, suggesting that the receptor may
also have a role in the degradation of Rips.

Although cIAPs were initially identified as direct inhibitors of
caspases,22 recent work highlights alternative roles for cIAPs
as E3-ubiquitin ligases for Rip1. Ubiquitinated Rip1 has limited
pro-necrotic kinase activity and is involved in pro-survival
NF-kB signaling.14 Intruigingly, only a single band for Rip1
was co-immunoprecipitated with cIAP in untreated macro-
phages, corresponding with the unphosphorylated form of
Rip1. In addition, we saw that phosphorylation of Rip1 rapidly

Figure 9. cIAP1� /� and cIAP2� /� mice exhibit elevated macrophage
necrosis and decreased control of LM burden relative to WT mice. Mice were
injected with LM (IP). At day 3 post-infection, mice were killed and peritoneal lavage
was performed. (a) Peritoneal bacterial burden of knockout and WT mice was
assessed. (b) Peritoneal cells were also stained for F4/80, CD11b and CD3
expression. Gated populations of CD11bþ F4/80high cells were examined for cell
death (PIþ ) by flow cytometry. (c) The numbers of T cells (CD3þ ) and
macrophages (F4/80þCD11bþ ), as well as the percentage of dead cells (PIþ ) for
each population, were evaluated and examined as shown. **Po0.001; *Po0.05,
nZ3 mice per group
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increased after SM treatment. These results underscore the
role of cIAPs in regulating Rip-1 induction of necroptosis.

Upon SM treatment, Rip3 and to a lesser extent Rip1
showed increased expression. Similarly, increased Rip3
expression in necroptotic cells has recently been reported,38

and analysis of different cell lines has shown that sensitivity to
TNF-a/zVAD-FMK-induced necrosis is determined by Rip3
expression.11 Quantitative RT-PCR revealed that upregula-
tion of Rips following SM treatment is likely post-transcrip-
tional. Furthermore, treatment of cells with a caspase inhibitor
or 20s proteasome inhibitor (lactacystin) resulted in increased
expression of Rip3 and Rip1 (Supplemental Figure 3). Thus,
our data suggest that cIAPs may regulate necroptosis through
promoting proteolytic degradation of Rips, potentially via
multiple pathways.

It is clear that cIAPs promote cell death resistance within
some tumor cells, but what is the role of cIAPs in healthy cells?
Recently, one study showed that cIAP1-deficient mice have
higher C. pneumoniae burden,39 but the in vivo viability of
macrophages was not assessed. Their finding of reduced
macrophage numbers in infected lungs of knockout mice is
consistent with possible increased cell death. Another study
has shown that cIAP2-deficient mice are highly resistant to
LPS-induced shock due to elevated macrophage cell death.40

We reveal that the underlying mechanism of the findings in
these studies may be increased macrophage necroptosis. It
has also recently been shown that a mutation in the caspase-
11 gene is present cIAP1� /� mice.41 While deficient
inflammatory cytokine production due to inactive caspase-
1142 could explain the defects in immune response we have
observed, cIAP2� /� mice, which have WT caspase-11,41

show similar changes in macrophage cell death and elevated
bacterial burden.

It has been suggested that necrotic cell death may be
important in initiating immune response. Consistent with this,
a study utilizing Rip3-deficient mice showed little necrotic
pathology during vaccinia virus infection, but mice also lacked
appropriate immune response and succumbed to elevated
bacterial load.26 Cytomegalovirus has also been demon-
strated to avoid immune activation by inhibiting Rip3 as a key
survival mechanism.43 In contrast to this role, our data show
that overactive necroptosis impairs immune control of a
bacterial infection. Specifically, lower expression of cIAP
in vivo resulted in significantly elevated macrophage death
and bacterial burden. Limiting macrophage necroptosis via
cIAP expression appears important in mounting an effective
response to LM and is likely an important consideration in
other bacterial infections.

In conclusion, we have provided novel mechanistic insights
into how cIAPs protect macrophages from cell death, through
direct interaction with key members of the necrosome.
Because activated macrophages can carry elevated levels
of ROS and other cytotoxic inflammatory mediators, it is
possible that the action of caspases and cIAPs may represent
and important mechanism to counteract a natural predisposi-
tion toward necrotic cell death. In addition, although SM is
generally thought to eliminate tumor cells through apoptosis
triggered by the degradation of cIAPs, it is conceivable that the
pathway we have revealed for macrophages may also operate
in some tumor cells.

Materials and Methods

All animals were housed in the animal facility of the Institute for Biological Science
and maintained according to CCAC guidelines. Protocols and procedures were
approved and monitored by the National Research Council of Canada-Institute for
Biological Sciences Animal Care and Ethics Board.

Mice and infections. C57BL/6J mice and TNFR1/2� /� (Jax #003243) were
obtained at 4–8 weeks of age from Jackson Labs (Bar Harbor, ME, USA). Age-
and sex-matched cIAP1� /� ,44 cIAP2� /� ,40 and WT C57BL/6J were used for
in vivo infection and bone marrow macrophage experiments. xIAP mice were also
utilized with age-matched control (C57BL/6J) mice. LM strain 10403S was
administered in 200ml of saline intraperitoneally. For experiments where peritoneal
cells or bacterial burdens were examined, peritoneal lavage was performed by
killing mice before exposing the peritoneal membrane. The peritoneal cavity was
then washed with 10 ml of PBS 4–5 times before removing the liquid and placing
immediately on ice. Bacterial colony-forming units (CFU) assessment was
performed by diluting peritoneal lavage, or splenic suspension to varying extent in
saline and plating on BHI-agar plates. CFU numbers were then counted after
incubation for 24 h at 37 1C.

SM and various inhibitors. SM, SM-164 was generated as described
previously.21 SM-164 was dissolved at 5 mM in PBS and frozen at � 80 1C.
Various specific inhibitors used include z-VAD-FMK (EMD Millipore, Billerica,
MA, USA; 627610), caspase-8 inhibitor (EMD Millipore; 218773) and Nec-1
(Sigma-Aldrich Canada Ltd, Oakville, ON, Canada; 9037).

RNA interference. siRNA was synthesized by Dharmacon (Thermo Fisher
Scientific Ltd, Nepean, ON, Canada; L-049919-00-0005). A pool of four Rip3-
targeted siRNA sequences were utilized: 50-UCAAGAUCGUGAACUCGAA-30,
50-CAAGUUCGGCCAAGUAUGA-30, 50-GGUAAAGCAUUAUCUGUCU-30, 50-ACA
CGGCACUCCUUGGUAU-30. Negative control siRNA was also obtained from
Dharmacon (D-001810-10-05). siRNA knockdown was performed according to
manufacturer’s protocol. In brief, 0.2ml of transfection reagent (Thermo Scientific,
T-2004-02) was combined with siRNA in 20ml of serum-free media and incubated
for 20 min at room temperature. In all, 80 ml of media with 8% FBS was then
added to the transfection mixture with a final siRNA concentration of 100 nM, and
placed on 2� 104 J774A1 cells in 96-well plates. Cells were then incubated for 2
days before examination by western blot, or addition of SM.

Quantitative RT-PCR. RNA for qRT-PCR was isolated from BMDMs at
various times after SM treatment. RNA was converted to cDNA using Superscript III
Reverse Transcriptase (Invitrogen, Burlington, ON, Canada; 18080-044). cDNA was
then analyzed for using Sybr green fast method performed on an Applied Biosystems
(Burlington, ON, Canada) 7500-Fast qRTPCR System. The primers used were as
follows: Actin (þ ) 50-CGCCCTAGGCACCAGGGTGTG (� ) TCGGTGAGCAGCA
CAGGGTG-30, Rip1 (þ ) 50-GCCCAACCGCGCTGAGTACA (� ) TGCCTTC
TATGGCCTCCACGA-30, Rip3 (þ ) 50-TGTCAAGTTATGGCCTACTGGTGCG (� )
AACCATAGCCTTCACCTCCCAGGAT-30.

Isolation of cells from various organs. Cells were isolated from
C57BL/6J mice using magnetic cell separation procedure. Peritoneal lavage
was performed and spleens were removed. Peritoneal cells were placed in single-
cell suspension in PBS with 1% BSA, then stained using anti-F4/80 PE (BD
Biosciences, Franklin Lakes, NJ, USA; 123109). Magnetic isolation was then
performed using anti-PE magnetic beads (StemCell Technologies Inc., Vancouver,
BC, Canada; 18554). Purification was performed according to manufacturer’s
protocol. Cell purity was confirmed to be 490% by flow cytometry.

Bone marrow macrophages. In order to obtain primary macrophages for
in vitro experiments, mouse bone marrow was used as a cell source. In brief,
mouse femurs and radius were removed and flushed to remove bone marrow.
Cells were then placed in RPMI with 8% FBS. M-CSF was added at 5 ng/ml and
non-adherent cells were removed on days 2 and 4. Adherent cells were
maintained with regular feeding and cytokine replenishment for 1 week to allow
cell differentiation. Flow cytometry was used to confirm the purity of macrophages
(F4/80þ /CD11bþ ).

SDS-PAGE and western blotting. Cell lysates were obtained during
various experiments by lysing cells directly in Laemli buffer with 0.5%
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b-mercaptoethanol and boiling immediately to minimize protein degradation. SDS-
PAGE and PVDF membrane transfer was performed by standard protocol.
Western blotting was performed with varying concentrations of primary antibody
(according to manufacturer’s instructions) overnight in 5% BSA in PBS. Washes
were done using PBS with 0.5% Tween-20 before probing with appropriate
secondary antibody for 2 h. Finally, blots were visualized using photosensitive film
(Sigma-Aldrich, Carestream Health 785019). Alternatively, bound primary
antibodies were reacted with secondary antibodies conjugated with Alexa
Fluor680 (Invitrogen) or with IRDyeTM800 (Rockland, Gilbertsville, PA, USA) and
the infrared fluorescent signals were detected using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA). In order to ensure true staining
for cIAPs a number of different antibodies were used. Anti-cIAP1/2 antibodies
were obtained both from Santa Cruz Biotechnology (Santa Cruz, CA, USA)
(sc-12410), and Abcam (ab23423-100). It should be noted that although the
Abcam (Cambridge, MA, USA) anti-cIAP antibody is listed to detect only cIAP2,
we visualized two bands, consistent with both cIAP1 and cIAP2. Rabbit anti-rat
IAP1 and IAP3 polyclonal antibodies were also used to detect cIAP1/2 and xIAP,
respectively (as described in Mahoney et al.10). Other antibodies used are as
follows: anti-Rip1 (BD 610458), anti-Rip3 (Santa Cruz Biotechnology sc47364)
and anti-beta actin (Sigma-Aldrich clone AC� 15). Secondary antibodies used
were goat anti-mouse IgG HRP (Bio-Rad Life Sciences, Mississauga, ON,
Canada; 172-1011), goat anti-rabbit IgG HRP (Sigma-Aldrich A6154) and donkey
anti-goat HRP. Detection was performed using Pierce ECL reagent
(Thermo Scientific #32209) or the highly sensitive West Femto ECL for proteins
with low expression such as Rip3 (Thermo Scientific #34095). Phosphatase
treatments were performed using 500 units of lambda phosphatase (Santa Cruz
Biotechnology sc-200312) for 30 min at 30 1C.

Immunoprecipitation. Cell lysates from in vitro cell cultures were
centrifuged and washed carefully using PBS in order to maintain dead cells.
Cells were then lysed using RIPA buffer containing a protease inhibitor cocktail
(Roche Applied Science, Laval, QC, Canada; 04693132001) and phosphatase
inhibitor cocktail (Sigma-Aldrich P5726). Pre-clearing was performed using isotype
IgG control antibody (BD 556026) and protein-G beads (GE Healthcare,
Waukesha, WI, USA; 51-3478-CO-EG). Primary antibody was then added and
samples were incubated overnight at 4 1C. Immunoprecipitation was completed by
adding protein-G beads, incubating for 2 h on ice, and washing several times with
PBS. For cIAP experiments, anti-cIAP2 (Abcam) was used for immunoprecipita-
tion. Finally, immunoprecipitates were denatured by adding Laemli buffer with
0.5% b-mercaptoethanol and boiling before performing a western blot analysis as
described above.

Viability (MTT) assay. Cell viability was assessed using the MTT assay.
MTT reagent was added to cells at a final concentration of 0.5 mg/ml and
incubated at 37 1C for 4 h. Cells were then lysed and the MTT crystals solubilized
using 2 N HCl in isopropyl alcohol. Results were quantified by measuring
absorption at 570 nm with a reference wavelength of 650 nm.

Cell death assay (LDH release). Cell death was assessed using a
commercial LDH release assay (Sigma-Aldrich #TOX7). Supernatants were
collected from SM-treated cell cultures and subjected to analysis for total LDH
according to manufacturer’s instructions.

FACS and fluorescence microscopy. Viability analysis was performed
using live-cell flow cytometric staining. Cells were first placed in single-cell suspension
in 1% BSA in PBS. To assess viability, in vitro cell suspensions were stained by
adding 10ml of PI/RNAse solution (BD 51-6551AZ) and incubating for 15 min at 37 1C
before reading. Cells obtained from mice were first labeled with various antibodies,
including anti-F4/80 APC-Cy7 (BioLegend, San Diego, CA, USA; 122614), anti-CD11b
PE-Cy7 (BD 552850), and anti-CD3 APC (BD 557030). After 20 min of incubation with
antibodies, PI was added to cells as described above. Cells were then examined using
a BD FACSCanto Flow cytometer. Fluorescence microscopy was performed using
similar staining techniques with cells placed in HBSS instead of PBS. Cells were
examined using an Olympus IX81 fluorescent microscope (Olympus, Richmond Hill,
ON, Canada). Live fluorescence microscopy was performed under controlled
incubation conditions with images captured every 30 s over an extended time period.

For confocal microscopy experiments, cells were fixed using 4% paraformalde-
hyde, permeabilized using 0.4% Triton X-100, and stained with TNFR1 (Santa Cruz
Biotechnology SC-1070), Rip1 and Rip3 antibodies (as described above).

Fluorescent goat-anti rabbit Alexa-fluor 488 (Invitrogen A11070) and goat anti-
mouse Alexa-fluor 594 (Invitrogen A11020) were then used. Appropriate controls
without primary antibody staining were used to confirm specificity. Images were
captured using an extended focus image constructed from 10 exposures on the
Olympus Fluoview 1000 instrument.

Statistics. Statistical analysis was performed using GraphPad Prism 5
(La Jolla, CA, USA). Student’s t test was used to confirm significance of results.
All error bars shown indicate standard error of the mean (S.E.M.).
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