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Hematopoietic expression of cIAP2 drives 
inflammation and heart failure after 
myocardial infarction
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Richard Seymour1, Michele Geoffrion1, Richard Jung1, Simon Parlow1, 
Feng Du    1, Brian McNeill1, Qiujiang Du1, Caroline Beauregard1, Xiaoling Zhao1, 
Mireille Ouimet1,2, Shawn T. Beug    2,3, Eric C. LaCasse3, Katey J. Rayner    1,2, 
Tak W. Mak4, Benjamin Hibbert    1,5, Robert G. Korneluk2,3 & Peter P. Liu    1,5 

Ischemic heart disease, driven largely by myocardial infarction (MI), remains 
the leading cause of mortality and morbidity. Although early suppression 
of post-MI inflammation improves outcomes, current therapies have 
limited efficacy. Here we show that the cellular inhibitor of apoptosis 2 
(cIAP2), a regulator of cell death, is upregulated after MI and promotes 
acute inflammation and cardiac injury. Global deletion of cIAP2, or its loss 
through bone marrow transfer, reduced inflammatory injury and cardiac 
dysfunction after MI, indicating that the cardioprotective effect of cIAP2 
deficiency is primarily mediated by the hematopoietic compartment. 
Reduced cardiac inflammation was associated with decreased splenic 
myeloid cell numbers due to increased cell death and elevated expression 
of the death-inducing factors TRAIL and TRAIL-R2/DR5. Pharmacologic 
degradation of cIAP proteins after MI using Smac mimetics similarly 
reduced cardiac inflammation and protected against injury. Together, these 
findings identify cIAP2 as a key hematopoietic cell-expressed regulator of 
survival and inflammation and support its inhibition as a potential immunot
herapeutic strategy for MI.

Although incidence rates of MI are stabilizing, and survival after acute MI 
has improved, MI continues to be a major cause of significant morbidity 
and progression toward heart failure1,2. An effective early inflammatory 
response is required to promote clearance of dead cells from infarcted 
tissue and stimulate robust wound healing3, but limiting the intensity 
and duration of this response is beneficial in mitigating the develop-
ment of chronic disease4,5. Success of this strategy has been suggested 
by encouraging results from clinical trials evaluating chronic inhibi-
tion of key inflammatory cytokines such as interleukin-1 beta (IL-1β) 

and interleukin-6 (IL-6)6,7 or broader anti-inflammatory agents such 
as colchicine that interfere with inflammasome assembly8. However, 
these molecules have broad, multifaceted biological functions, and 
long-term inhibition of their activities can lead to adverse effects—nota-
bly, elevated risk of infection. Furthermore, high costs, route of admin-
istration and risk of patient non-compliance pose obstacles to achieving 
effective long-term therapeutic benefit. Identification of inflammatory 
targets that possess focused activity more acutely after MI may lend 
precision while limiting risks and costs of chronic long-term therapy.
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cooperating oncogenes26. Although they possess high homology, 
expression of cIAP1 and cIAP2 is often distinct, where tissue distribu-
tion varies and cIAP2 has been shown to be uniquely regulated by NF-κB 
or stress-dependent stimuli27. Control of cIAP protein expression is 
mediated by the second mitochondrial-derived activator of caspases 
(Smac)/Diablo protein28. Peptido-mimics of Smac (Smac mimetics) 
are highly selective inhibitor of apoptosis (IAP) antagonists that pro-
mote protein degradation and sensitize cells to TNF family-dependent 
apoptosis29. Smac mimetics are under evaluation for treatment of vari-
ous cancers and exhibit a good safety profile to date30–32. Here we report 
the discovery of cIAP2 upregulation after MI, where it differentially 
contributes to MI pathology relative to cIAP1. We further evaluated 
the source of this activity and found that hematopoietic expression 
of cIAP2 drives inflammatory response and, in turn, can be controlled 
using Smac mimetic compounds.

Results
An unbiased proteomics screen of plasma samples from patients 
with acute ischemic heart failure revealed increased levels of cIAP2 
and distantly related BIRC5 (Survivin) but not cIAP1 (Fig. 1a). We next 
identified that cIAP2 levels were increased in plasma from patients 
with acute MI compared to those with stable coronary artery dis-
ease (CAD) (Fig. 1b). cIAP2 was acutely increased in both human 
and mouse hearts after acute MI (Fig. 1c,d). Analysis of published 
microarray data from mouse heart subjected to ischemic infarction 
(GSE4648)15 showed a distinct expression pattern of cIAP2 relative to 
other BIRC protein members and consistently aligned with expres-
sion of other myeloid inflammatory gene transcripts acutely after MI 
(Extended Data Fig. 1a–e). Several cIAP2-associated Gene Ontogeny path-
ways were also upregulated (Extended Data Fig. 1f). In addition, knock-
out of Nod1 (nucleotide-binding oligomerization domain protein 1),  
a microbial PRR known to recruit and activate cIAP1/cIAP2 (ref. 14), 
resulted in improved MI outcomes (Extended Data Fig. 1g), further 
implicating cIAP proteins as early mediators of injury and inflamma-
tion. Knockout of Tnfrsf1a (TNFR1/p55), Tlr4 or Nod1 reduced protein 
expression of cIAP1 and cIAP2 as well as that of inflammatory factors 
RIPK1, IRAK4 and TRAF6 after MI (Extended Data Fig. 1h).

The role of cIAP2 after MI was evaluated by comparing responses 
from cIAP2 germline knockout mice (CIap2−/−)27 with those of CIap1−/−33 
or C57Bl/6 (wild-type (WT)) mice subjected to coronary ligation. Histol-
ogy of infarcted heart tissue demonstrated markedly reduced scar area 
in CIap2−/− mice relative to CIap1−/− and WT animals (Fig. 1e), whereas 
vascular immunohistochemistry demonstrated increased vasculariza-
tion of injured tissue (Fig. 1f). Left ventricular end-diastolic and end- 
systolic dimensions were better preserved (Extended Data Fig. 2a); 
left ventricular ejection fraction was less severely impaired 
(Fig. 1g); and heart and lung weight/tibila ratios were reduced (Fig. 1h).  

Ischemia triggers cardiomyocyte death and the rapid release 
of multiple danger signals that drive potent immune inflammatory 
responses through the activation of cytokines, notably members of 
the IL-1 or tumor necrosis factor (TNF) families and innate pattern 
recognition receptors (PRRs) such as Toll-like receptors (TLRs)9–11. 
Inflammatory signaling pathways are activated in a conserved manner 
by multiple PRRs or cytokines, and many of these factors have been 
implicated as contributors to post-MI pathology. For example, previous 
work from our laboratory and others using mouse models employing 
germline knockout of TNF and TLR signaling, including Tnfa−/−, Tlr4−/−, 
Myd88−/− (a TLR adaptor protein) and Irak4−/− (IL-1/Toll ligand receptor 
activated kinase 4) demonstrated reduced cardiac injury after MI12–14. 
We hypothesized that identifying common, nodal regulators of these 
networks may uncover potential targets for inhibition of inflammation. 
Therefore, we searched for candidate molecules known to participate 
in their signal transduction.

Recently, employing an aptamer-based proteomics array, we iden-
tified in serum from a clinical cohort of patients with acute heart failure 
the distinct upregulation of cIAP2/baculoviral IAP repeat-containing 3 
(BIRC3) that was consistent with elevation of standard cardiomyopathy 
biomarkers, including N-terminal prohormone of brain natriuretic pep-
tide (NT-proBNP) and cardiac troponin T (cTnT). This was intriguing as 
cIAP2 upregulation is principally known as a cancer-associated event, 
and the protein was not known to be a cell-secreted factor. We subse-
quently identified Birc3 as an early upregulated mRNA from extracted 
publicly available GeoSET data of mouse left ventricular infarct tissue15, 
coinciding with upregulation of a broad array of proinflammatory gene 
products known to be pathogenic in MI. cIAP2 is a RING (really interest-
ing gene)-type E3 ubiquitin ligase, which is a closely related but distinct 
enzyme from cIAP1 (Birc2). cIAP proteins participate in signal transduc-
tion from PRR and TNF family cytokine receptors, where they partici-
pate in the regulation of cellular survival and differentiation as well as 
the coordination of inflammatory responses16–18. After TNFR ligation, 
cIAP proteins are recruited by and interact with TNF receptor-activated 
factors (TRAF1 and TRAF2) and ubiquitinate key downstream kinases, 
including receptor-interacting protein kinase (RIPK)1 and NF-kappa 
B-inducing kinase (NIK) 19. Ubiquitinated RIPK1 controls assembly of 
TNFR-stimulated death-inducing signaling complexes (DISCs) to pro-
mote cell survival20. Ubiquitination of NIK promotes its degradation, 
thus preventing cleavage and activation of NF-κB2 (p100/52) to limit 
non-canonical NF-κB signal transduction21. cIAP proteins also interact 
with downstream ubiquitin ligases TRAF3 and TRAF6 after exposure to 
PRR agonists or TNF family cytokines22–25 and, in turn, modulate NF-κB 
and MAPK signaling.

The pro-survival and inflammation modulatory effects of cIAP 
proteins manifest themselves in various disease states, most promi-
nently in several cancers where they are upregulated and act as 

Fig. 1 | cIAP2 promotes injury following myocardial infarction. cIAP2 is 
upregulated and participates during cardiac injury after MI. a, SOMAscan 
measurement of cIAP2, Survivin (BIRC5), cardiac Troponin T (cTNT) and 
N-Terminal pro-B-type Natriuretic Peptide (NT-proBNP) plasma protein samples 
from acute heart failure patients (n = 7 measured at admission and D3 and D30 
post-admission) and healthy controls (n = 10). b, ELISA of serum cIAP2 from 
percutaneous coronary intervention patients. Acute MI (n = 9) and CAD  
(n = 12). c, Immunoblot of human heart tissue lysates probed for IAP proteins 
cIAP2, cIAP1 and XIAP from healthy or ischemic cardiomyopathy patients. 
Vinculin was probed as an expression control. d, Immunoblot of cIAP1 and 2 
isolated from mouse LV tissue lysates D1, D3 and D7 post-MI. β-tubulin served  
as an expression control. Immunoblot representative of two experiments.  
e, Masson’s trichrome stained mouse midventricular heart sections (5 μm 
thickness) D28 post-MI. Left: wildtype C57Bl/6J (n = 7). Middle: CIap1−/− (n = 6).  
Right: CIap2−/− (n =7). Scale bars, 1 mm. LV scar area (collagen area − stained 
blue); morphometry of two representative slices per animal. f, Capillary density 
estimated by number of isolectin B4-positive (green) structures counted in LV MI 
border zone. Nuclei (DAPI) stained blue. Scale bars, 50 μm (n = 4 per treatment 

group). g, LV ejection fraction 28 days post-MI presented as % reduction from 
baseline (pre-MI) echocardiographic measurement. WT, n = 10; CIap1−/−, n = 6; 
CIap2−/−, n = 10. h, Heart and lung weights normalized to tibia length measured 
4 weeks post-MI. Cont, n = 6 (WT), 4 (CIap1−/−) and 5 (CIap2−/−); MI-treated, n = 15 
(WT), 10 (CIap1−/−) and 10 (CIap2−/−). i, Female mice: LV Ejection fraction. Left: WT 
(n = 8), CIap2−/− (n = 7). Middle: heart weight:tibia length; sham-operated control 
WT (n = 3), CIap2−/− (n = 3); MI, WT (n = 7), CIap2−/− (n = 7). Right: lung weight:tibia 
length; sham-operated control WT (n = 3), CIap2−/− (n = 3); MI WT (n = 7), CIap2−/− 
(n = 7). j, LV MI border zone cell death (TUNEL-positive (red) staining) in 400× 
magnified 5 μm heart sections. Nuclei (DAPI) stained blue. Triplicate fields 
counted per study specimen. Scale bar, 50 μm; n = 8 (WT MI) and 7 (CIap2−/− MI), 
respectively. Mouse data are aggregate from three experiments (male studies) 
or two experiments (female studies), respectively. Error bars, mean ± standard 
deviation (s.d.); P values were calculated using two-sided t-test (b,f,j), one-way 
ANOVA with Dunnett’s post-hoc test (a), one-way ANOVA with Bonferroni’s 
correction (e) and two-way ANOVA with Bonferroni’s correction (g,h,i). RFU, 
relative fluorescent units; Cont, control; D, day; HF, heart failure; ICM, ischemic 
cardiomyopathy; LV, left ventricular.
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No sex-related differences were detected in the post-MI responses 
(Fig. 1i). Furthermore, CIap2−/− mice showed reduced cardiomyo-
cyte death in the peri-infarct border region acutely after MI (Fig. 1j), 
accompanied by reduced expression of apoptotic proteins annexin A1, 
cleaved poly-adenoribosyl polymerase (PARP) and cleaved caspase-8 
(Extended Data Fig. 2b). At subsequent intermediate timepoints, we 

observed reduced transcription of factors associated with adverse 
remodeling (for example, Nppb (brain natriuretic peptide), Myh7 
(myosin heavy chain isoform 7), Tnfa and Tgb1 in CIap2−/− mice rela-
tive to WT controls (Extended Data Fig. 2c). Finally, expression of the 
alarmin high mobility group box 1 (HMGB1) and remodeling cytokine 
transforming growth factor beta 1 (TGFβ1) were reduced 28 days after 
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infarct in CIap2−/− mice (Extended Data Fig. 2d). Overall, these findings 
demonstrate that cIAP2 expression contributes to enhanced cardiac 
injury after MI.

Hematopoietic-expressed cIAP2 drives post-MI inflammation
We assessed the requirement of cIAP2 acutely after MI for 
cardiac-specific immune cell infiltration and function. Heart histol-
ogy showed reduced cellular inflammation in left ventricular myocar-
dium of CIap2−/− mice 3 days after MI (Fig. 2a). Cardiac inflammatory 
responses, demonstrated by left ventricular infiltrating neutrophils, 
Ly6Chi monocytes and dendritic cells, were equivalent between WT 
and CIap2−/− mice 1 day after MI (Fig. 2b); however, cellular infiltration 
became significantly and sustainably reduced in CIap2−/− mice from day 
3 after MI and as late as day 28 (Fig. 2b,c). Reduced infiltration, along 
with decreased transcription of inflammation-promoting chemokines 
Cxcl1 and Ccl2 lf ventricular tissue of CIap2−/− mice (Fig. 2d), indicated 
establishment of an attenuated inflammatory microenvironment. 
We evaluated the immune inflammatory role of cIAP2 by generating 
bone marrow chimeric mice to restrict cIAP2 deficiency to hematopoi-
etic cells (Fig. 2e). Consistent with our findings in germline CIap2−/− 
mice, CIap2−/− chimeras showed reduced left ventricular scarring and 
improved ejection fraction at 28 days after MI (Fig. 2f,g). By contrast, 
CIap1−/− chimeras demonstrated increased remodeling and worsened 
ejection fraction when compared to WT chimeric mice (Fig. 2g), sup-
porting the hypothesis that cIAP2 plays a more prominent role in con-
tributing to cardiomyopathy after MI. Although heart weights were 
relatively unchanged, CIap2−/− chimeric lung weights were decreased 
relative to WT (Extended Data Fig. 3a), and CIap2−/− chimeras demon-
strated improved capillary density (Extended Data Fig. 3b). Cardiac 
immune infiltration was significantly reduced in CIap2−/− chimeras 
(Extended Data Fig. 3c). In CIap2−/− chimeric spleens, expression of 
immune regulator IL-10 was increased, whereas proinflammatory IL-23 
was reduced (Extended Data Fig. 3d). We observed concurrent reduc-
tion of cardiac myeloid cells and lymphocytes, notably IL-17-expressing 
T cells that promote myocardial fibrosis and inflammation34 
(Extended Data Fig. 3e). Reverse chimeric mice (WT hematopoietic 
cells, CIap2−/− resident tissues (Fig. 2h)) showed markedly increased 
scarring and reduced ejection fraction (Fig. 2i,j) as well as worsened 
cardiac remodeling, reduced vascularization and immune inflam-
mation after MI (Extended Data Fig. 4). Collectively, these findings 
support the concept that the net cardioprotective effect of cIAP2 defi-
ciency is principally caused by a reduction of hematopoietic-derived 
immune inflammation.

In patients who suffered recent MI, cIAP2 protein was upregu-
lated in blood leukocyte isolates (Extended Data Fig. 5a, upper panel); 
similarly, cIAP2 protein levels were increased in mouse peripheral 
blood leukocytes 7 days after surgical MI (Extended Data Fig. 5a, lower 
panel). Leukocyte-isolated cIAP2 levels were higher in acute MI patient 
samples when compared to those with stable CAD, whereas cIAP1 lev-
els were unchanged (Extended Data Fig. 5b). In the mouse model, we 
observed during the acute injury phase that CIap2−/− mice exhibited 
significantly decreased circulating myeloid (CD11b+) cells but not 
lymphocytes (B or T cells), a deficit that widened by day 3 after injury 
(Extended Data Fig. 5c–e). We, therefore, investigated the hypothesis 
that the origin of this suppressed inflammatory response was an inhibi-
tion of myeloid cell production from hematopoietic producer sites in 
the spleen and bone marrow. Analysis of spleen and bone marrow cell 
numbers indicated that, in the early acute phase (24 hours) after MI, 
there was a net reduction in CD11b+ populations, which corresponded 
to increased infiltration to the heart (Figs. 2a and 3a,c). Although cell 
counts recovered progressively at day 3 after MI in both spleen and 
bone marrow, there was a protracted recovery in the spleen for CIap2−/− 
mice relative to WT (Fig. 3a), which contrasted with the apparent full 
recovery of myeloid counts in the bone marrow (Fig. 3c). Overall, leu-
kocytes were completely restored in both spleen and bone marrow of 

WT and CIap2−/− mice by day 28 after MI (Fig. 3b,d), suggesting that the 
impaired production of myeloid cells by CIap2−/− mice was related to 
the inflammatory state after injury.

Biochemical analyses of the spleen after MI indicated an 
important role for cIAP2 in promoting inflammatory responses. 
Whole spleen lysates collected over time after MI showed that 
cIAP2 protein was progressively upregulated and correlated with 
reduction of TRAF3, a known protein degradation target of cIAP2 
(Extended Data Fig. 6a). CIap2-deficient but not CIap1-deficient spleens 
showed preservation of TRAF3 and XIAP, an immune regulatory IAP 
protein (Extended Data Fig. 6b). Protein expression of nodal inflam-
matory regulators for both PRR and TNFR signaling (IRAK4, MyD88, 
RIPK1 and TRAF6) were all decreased in CIap2−/− spleens at 7 days after 
MI (Extended Data Fig. 6c). cIAP2 co-immunoprecipitation with Traf3 
was evident after MI injury (Extended Data Fig. 6d). cIAP2+ spleno-
cytes showed increased proteolytic K48 ubiquitination of TRAF3 and 
activating K63 ubiquitination of RIPK1 (Extended Data Fig. 6e, upper 
panel). Although CIap2 deletion did not affect the non-canonical NF-κB 
pathway in 24-hour post-MI splenocytes (Extended Data Fig. 6e, lower 
panel), nuclear localized canonical NF-κB factors p65/RelA and NF-κB1 
(p50) were reduced in CIap2−/− splenocytes as compared to WT mice 
3 days after MI (Extended Data Fig. 6f). Furthermore, levels of Tnfa, Il1b 
and Il6 were reduced in CIap2−/− spleens (Extended Data Fig. 6g). Alto-
gether, these results suggest that cIAP2 is required for acute post-MI 
inflammatory responses by specifically modulating effector cells in 
the spleen (Extended Data Fig. 6h).

The response to MI from splenocytes is critical to maximal 
inflammatory activity and could be the culprit for worst-case cardiac 
outcome. It has been established that the spleen provides a critical 
reservoir of effector monocytes and other inflammatory cells that are 
rapidly mobilized to the ischemic myocardium35,36. In CIap2−/− mice, 
we observed reduced numbers of neutrophils and Ly6Chi monocytes 
from spleens isolated 7 days after MI (Fig. 3e), which correlated with 
increased local splenocyte cell death (Fig. 3f). By contrast, splenic 
and cardiac levels of lymphocytes were unchanged throughout the 
acute post-MI phase (Extended Data Fig. 5e–g). These findings are 
consistent with the concept that cIAP2 permits splenic myeloid cell 
survival, which may support sustained heart inflammatory responses 
(Extended Data Fig. 5h). Aside from controlling NF-κB-associated 
inflammatory responses, cIAP proteins also suppress activation of 
TNF superfamily death complexes and, thus, can regulate apop-
totic or inflammatory (necrotic) cell death37. CIap1/CIap2 deficiency 
in myeloid cells, including monocytes, results in cell death after 
exposure to TNF38. cIAP2 also plays an important role in governing 
TNF-dependent survival and myeloid differentiation potential of 
hematopoietic stem cells39. We found that, in contrast to 3 days after 
MI, Tnfa mRNA and protein levels were increased exclusively in spleen 
samples from CIap2−/− mice after 7 days (Extended Data Fig. 7a,b). 
We additionally observed that protein expression of death ligand 
TRAIL (or TNFSF10/Apo2L) was increased in spleens but not in hearts 
of CIap2−/− mice 3 days after MI (Fig. 3g). CIap2−/− splenocyte TRAIL 
and TNF protein levels were increased 7 days after MI as were active 
forms of Caspase-8 and Caspase-3 and the apoptotic marker Annexin 
A1 (Extended Data Fig. 7b). TRAIL protein and its permissive tran-
scription factor Interferon Response Factor 1 (IRF-1)40 were increased 
in CIap2−/− bone marrow cells (Extended Data Fig. 7c). Additionally, 
CIap2−/− splenocytes upregulated TRAIL-R2/DR5, a TRAIL-binding death 
promoting receptor, as well as TNFR1, which can promote apoptosis 
in IAP-deficient cells (Fig. 3h). Immunohistochemistry showed that 
the numbers of TRAIL-expressing and DR5-expressing cells were both 
increased in CIap2−/− spleens, with TRAIL+ cells found interacting with 
DR5+ splenocytes after MI (Fig. 3i and Extended Data Fig. 7d). Injec-
tion of TRAIL-neutralizing antibodies prevented splenocyte death 
in CIap2−/− mice after MI (Fig. 3j). Finally, we confirmed that TRAIL 
expression is protective after MI, as antibody-mediated neutralization 
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Fig. 2 | Immune expression of cIAP2 increases post-MI inflammation. cIAP2+ 
hematopoietic cells promote injury and inflammation after MI. a, Inflammatory 
cell infiltrate 3 days post-MI in WT or CIap2−/− mouse hearts. Full thickness 12.5× 
magnification; Scale bar, 1mm. Insets: 100× images. Imaging representative of 
three mice per treatment. b,c, Flow cytometric quantitation of LV inflammatory 
cellular infiltrate (neutrophils, Ly6Chi monocytes and CD11b+ dendritic cells) at 
(b) days 1, 3 and 7 and (c) day 28 post-MI. Controls: D1 (n = 3); D3/7/28 (n = 4).  
WT MI: D1 (n = 3); D3/7/28 (n = 6–9). CIap2−/−: D1 (n = 3); D3/7/28 (n = 5–9). d, 
Quantitative PCR of Cxcl1 and Ccl2 (neutrophil and monocyte recruitment 
factors) measured in hearts of WT and CIap2−/− mice 7 days post-MI; n = 3 per 
group; transcripts normalized to β-actin. e, Generation of WT (CD45.1) recipient 

bone marrow chimeric mice. f, LV scar area (blue) measured 28 days post-MI (n = 6 
from each treatment group). Scale bar, 1 mm. g, LV ejection fraction from WT and 
CIap2−/− and CIap1−/−-chimeric mice 28 days post-MI. Controls: WT and CIap2−/−  
(n = 4); CIap1−/− (n = 2). MI: WT and CIap2−/− (n = 17); CIap1−/− (n = 4). h, Generation 
of reverse bone marrow chimeric mice (WT bone marrow donor to either WT 
or CIap2−/− recipient mice). i, LV scar area from reverse chimeric mice; n = 5 per 
treatment. Scale bar, 1mm. j, LV ejection fraction from control or MI-treated 
WT recipient and CIap2−/− recipient mice. Controls: WT and CIap2−/− (n = 2). MI-
treated, n = 7 per group. Error bars denote mean ± s.d.; P values were calculated by 
one-way ANOVA with Bonferroni’s correction (b,c,g,j), two-sided t-test (d,f,i). BM, 
bone marrow; BMT, bone marrow transplanted; i.v., intravenous.

http://www.nature.com/natcardiovascres


Nature Cardiovascular Research | Volume 5 | March 2026 | 246–261 251

Article https://doi.org/10.1038/s44161-026-00782-x

of TRAIL enhanced cardiac injury and inflammation in both WT and 
CIap2−/− mice (Fig. 3k and Extended Data Fig. 7e,f) and nullified pro-
tection associated with cIAP2 deficiency. These data collectively 
demonstrate that cIAP2 ablation increases splenocyte sensitivity to 
TNF-associated death signals, in part by upregulation of effector pro-
teins such as TRAIL and DR5, contributing to the reduction of splenic 
inflammatory cell burden (Extended Data Fig. 7g).

cIAP inhibitory Smac mimetics are cardioprotective after MI
Our findings suggested that cIAP2 could be a pharmacologic target 
during the acute early phase after MI. We evaluated the monovalent 
Smac mimetic LCL161 as a model agent to assess the effect of cIAP inhi-
bition after MI (Fig. 4a). In vivo, single 10 mg kg−1 doses of LCL161 effec-
tively degraded splenocyte cIAP1/cIAP2 (Fig. 4b) and reduced levels 
of circulating blood neutrophils and inflammatory Ly6Chi monocytes 
(Extended Data Fig. 8a), effects achieved at five-fold lower doses than 
required for mouse tumor regression29. By contrast, LCL161 had no 
effect on cardiac cIAP protein levels at doses lower than tolerance limits 
from phase 1 clinical trial evaluation41. Pretreatment of ex vivo bone 
marrow-derived dendritic cells with LCL161 reduced broad K63 ubiq-
uitination as well as expression of IRAK4, MyD88 and RIPK1 in response 
to stimulation by freeze−thaw heart lysate (Extended Data Fig. 8b). 
Mice subjected to MI were administered LCL161 at 1 day and 4 days 
after MI (Fig. 4c). Compared to mice receiving vehicle control, 
LCL161-treated mice exhibited significantly reduced mortality after 
MI (Fig. 4d). LCL-treated mice also exhibited reduced left ventricular 
scarring, heart weight and left ventricular remodeling accompanied 
by improvement in left ventricular ejection fraction (Fig. 4e–h). LCL161 
treatment also reduced cardiac immune infiltration after MI (Fig. 4i 
and Extended Data Fig. 8c,d). cIAP2 serves as the principal inflamma-
tory target after MI, evidenced by the differential outcomes achieved 
by LCL161 in CIap1−/− MI-operated mice compared to CIap2−/− mice 
(Extended Data Fig. 8e). Cardiac expression of remodeling and inflam-
matory genes was lower in LCL161-treated mice relative to vehicle con-
trols 28 days after MI (Fig. 4j and Extended Data Fig. 8g).

Single administration of LCL161 24 hours after MI was also car-
dioprotective when assessed at 7 days, as demonstrated by reduced 
early scar formation, improved left ventricular ejection fraction and 
reduction of heart weight as well as reduction of cardiac inflamma-
tory cells (Fig. 5a–c). Consistent with the effect of cIAP2 deficiency, 
myeloid inflammatory cell numbers were reduced in the spleens of 
LCL161-treated mice 7 days after MI (Fig. 5d). Overall, cardiac tran-
scription of inflammatory and remodeling genes was unchanged 
in LCL161-treated mice relative to vehicle controls, with the excep-
tion of mRNA for key inflammatory chemokine Ccl2 and its receptor 
Ccr2 (Fig. 5e). Further evidence of LCL161 effectiveness to reduce 
cIAP inflammatory activity was revealed by increased TUNEL staining 
selectively in splenocytes, concomitant with greater expression of 
TRAIL in LCL161-treated MI-operated mice (Fig. 5f,g). Critically, and 

in agreement with a dependence on persistent inflammatory state to 
influence cell fate, numbers of splenic and bone marrow leukocytes had 
rebounded by day 28 after MI (Extended Data Fig. 8h). Altogether, our 
results demonstrate a critical role for cIAP2 in maintaining a maximal 
inflammatory response in mice after MI. This response is mediated by 
cIAP2 control over cell death signaling to promote increased survival of 
myeloid cells, the importance of which being demonstrated by the pro-
tective inflammatory cell-reducing effects after MI of cIAP-inhibitory 
Smac mimetic compounds.

Discussion
Mortality rates from acute MI are in steady decline42,43; however, 
ischemic heart disease remains the primary cause of non-infectious 
death1,44. Survivors of ischemic injury are prone to chronic inflamma-
tory disease and increased risk of subsequent cardiovascular events or 
heart failure2,45,46. Additionally, patient quality of life is markedly dimin-
ished with severity of patient-reported impact related to prognosis47.

Increasing attention and research focus have been directed to the 
inflammatory response after MI. It has been established that increased 
systemic inflammation is present after acute ischemic cardiac injury, 
with a strong myeloid inflammatory component48–50. Prognosis is 
also negatively influenced by sustained elevation of circulatory 
leukocytes45,51. Clinical investigation has highlighted the exciting poten-
tial of anti-inflammatory therapies to improve acute outcomes after 
MI6–8. However, results are mixed when the treatments are administered 
in the chronic phase after MI; although the studies established proof 
of concept, the agents were associated with increased risk of infection. 
Therefore, we searched for candidate inflammatory modulators that 
can be targeted earlier after MI to more effectively recalibrate the 
downstream chronic inflammatory response. Multiple key innate pat-
tern recognition receptors and pro-inflammatory cytokine receptors 
are activated after MI9, and signal transduction pathways initiated by 
these molecules show redundancy and conservation, notably in the 
activation of transcription factors such as NF-κB. TLR, NLR as well as 
TNF and IL-1 receptors commonly recruit cIAP1 and cIAP2—RING-type 
E3 ligases that regulate cell survival and inflammation52,53. Impairment 
of cIAP protein pro-survival function has been the dominant rationale 
in developing inhibitory small-molecule strategies for the treatment 
of malignancies that may feature their overexpression26,54.

This study suggests that cIAP2 plays a critical role as a regulator of 
innate inflammatory cells, where its loss of expression after MI results 
in reduced cell accumulation in the heart while also reducing cellular 
burden in the spleen. The spleen is an important source of inflam-
matory cell mobilization after MI55,56, and this systemic reservoir can 
incite further chronic inflammatory consequence if left unregulated57. 
Although hematopoiesis plays an important role in the maintenance of 
chronic inflammatory states, we postulate that, in the setting of cIAP2 
deficiency, the key therapeutic effect is upon cell death, particularly 
of myeloid cells. This is because of the well-described importance of 

Fig. 3 | Reduction of inflammatory cells in CIap2−/−MI-operated mice. 
Increased TRAIL and DR5 expression in CIap2−/− splenocytes after MI. a, Left: flow 
cytometric quantitation of myeloid (CD11b+) cells at D3 post-MI spleen samples 
from WT and CIap2−/− mice. Right: dot plots correspond to representative D1 and 
D3 post-MI samples, representative of aggregate data from three experiments.  
b, Quantitation of splenic myeloid (CD11b+) cells D28 post-MI; (controls n = 3;  
MI, WT n = 10; CIap2−/− n = 7). c, Left: flow cytometry of myeloid (CD11b+) cells at 
D3. Right: dot plots correspond to representative D1 and D3 post-MI samples.  
d, Bone marrow myeloid cells measured D28 post-MI from WT and CIap2−/− mice. 
e, Flow cytometry of spleen neutrophil and Ly6Chi monocytes D7 post-MI  
of WT (C57Bl/6) or CIap2−/− mice; (controls n = 3; WT n = 7; CIap2−/− n = 5 mice  
per group. f, Spleen TUNEL+ staining D3 post-MI; (controls n = 4; WT MI n = 7; 
CIap2−/− MI n = 5. 400× magnification; scale bar, 50 μm. g, Increased TRAIL+ 
staining of splenocytes from CIap2−/− mice D3 post-MI. Low to undetectable 
TRAIL staining in matched heart samples. Scale bar, 50 μm; (control n = 4;  

WT n = 7; CIap2−/− n = 5). h, Left: immunoblotting of spleen DR5 (TRAIL-R2) and 
TNFR1 expression D3 post-MI. Image representative of two similar immunoblots. 
Right: immunofluorescence microscopy of splenic DR5 (TRAIL-R2) expression. 
Images representative of three mice per group. Scale bar, 25 μm. i, High 
resolution AiryScan images of splenocytes from WT (top) and CIap2−/− (bottom) 
mice D3 post-MI. Immunostaining for TRAIL (green) and DR5/TRAIL R2 (violet). 
DAPI (blue), nuclei. Scale bar, 5 μm. Imaging representative of three animals 
per treatment group. j, TUNEL+ splenocytes reduced D3 post-MI in CIap2−/− 
mice injected with anti-TRAIL neutralizing antibody. Image representative of 
three animals per treatment. Scale bar, 50 μm. k, LV ejection fraction and heart 
weight:tibia length of mice D28 post-MI following TRAIL neutralizing antibody 
injection. Error bars denote mean ± s.d.; P values were calculated by one-way 
ANOVA with Bonferroni’s correction (e,f,g), two-way ANOVA with Bonferroni’s 
correction (a,c,k).
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cIAP proteins, particularly cIAP2, to promote myeloid cell survival in 
response to MI-relevant inflammatory ligands such as TNF or agonists 
of TLRs38,53,58. Our findings show that cIAP2 deficiency or cIAP ablation 
induced a marked reduction of myeloid cells, concomitant with lowered 
cardiac inflammation and overall attenuated inflammatory cellular 
signaling in the acute phase after MI. The viability of cIAP2 as an early 
target for such an acute, aggressive injury is evident by the observation 
that the overall immune system response returned to a balanced state in 
latent timepoints. With relevance to the death-inducing effect of cIAP2 
deficiency, we found elevated expression of pro-apoptotic TNF fam-
ily factor TRAIL59 after MI in CIap2−/− mice. Upregulation of the mouse 

ortholog of TRAIL-selective death receptor DR5 (TRAIL-R2) was also 
observed, which is known to be an essential permissive step for TRAIL 
bioactivity during many apoptotic cell responses60. In cardiovascular 
disease, TRAIL expression infers protective effects, as high serum 
levels of TRAIL are associated with favorable outcomes61,62, whereas 
circulatory (soluble) DR5 predicts increased mortality63. However, its 
role in the heart after injury remains poorly understood. In vivo studies 
have suggested disparate effects of TRAIL activity. Acute blockade of 
DR5 reduced myocardial ischemia−reperfusion injury64; conversely, 
agonists of DR5 reduced cardiac injury and remodeling in a chronic 
injury model65.
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Fig. 4 | Smac mimetic LCL161 reduces cardiac injury following MI. Smac 
mimetic LCL161 is cardioprotective after MI. a, LCL161 stimulates degradation 
of cIAP1/2. b, In vivo cIAP1/2 degradation in spleen and heart tissues following 
dose titration of LCL161. Immunoblot representative of two similar experiments. 
c, Strategy for LCL161 administration following MI. d, Kaplan–Meier 
survival analysis of mice subjected to MI receiving vehicle or LCL161 gavage. 
Vehicle-treated controls, n = 18 mice (start of experiment); LCL161-treated 
controls, n = 15 mice (start of experiment). e, LV scar area of MI-operated mice 
receiving vehicle control (top) or LCL161 (10 mg kg−1, bottom); n = 7 per group. 
Scale bars, 1mm. f, Heart weight:tibia length D28 post-MI. g, LV end  
systolic diameter and measurements taken D28 post-MI. h, LV ejection  

fraction measured D28 post-MI. Control operated mice, n = 7  
(3 LCL-treated, 4 vehicle treated); MI-operated mice, n = 10 vehicle treated,  
n = 11 LCL161-treated. i, Flow cytometry of heart infiltrating neutrophils,  
Ly6Chi monocytes and dendritic cells D28 post-MI. Control-operated mice,  
n = 3 (two vehicle-treated, one LCL161-treated); MI-operated mice, n = 6 per 
group. Data aggregate from three experiments (d–i). j, Quantitative PCR of 
remodeling gene products D28 post-MI; n = 4 per MI treatment group. Error bars 
denote mean ± s.d.; P values were calculated using Gehan-Breslow-Wilcoxon test 
(d), two-sided t-test (e,j), one-way ANOVA with Bonferroni’s correction (f,g,h,i). 
LCL, LCL161; LVESD, left ventricular end-systolic diameter; Veh, vehicle.
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Expression of mouse TRAIL and its receptor is widely distributed 
in the body. Consistent with other TNF ligands, it possesses pleiotropic 
functions, including regulation of NF-κB-dependent inflammation. 
Notably, TRAIL appears to demonstrate an ability to selectively induce 
apoptosis, typically sparing healthy or non-malignant cells in various 
studies66. Thus, it is possible that cellular fates in response to TRAIL 
activation are dependent upon the tissue environment or cell type 
being targeted. Acutely after MI, TRAIL expression is upregulated in 
the spleen but not in cardiac left ventricular tissue of CIap2−/− mice, sug-
gesting that a critical site for inflammatory suppression is the spleen, 
consequently reducing supply of inflammatory cells to the heart. Anti-
body neutralization of TRAIL notably increased levels of inflammation 

and impacted cardiac function in both WT and cIAP2-deficient mice 
after MI, although we could not evaluate the effect of TRAIL neutrali-
zation in the acute post-MI heart. A limitation of using such strategies 
is the potential for generalized immunomodulation associated with 
administration of bulk IgG in technical control animals, thus poten-
tially reducing the biological effects of the injury67. Use of activators 
or antagonists of DR5 could, in this context, be very informative to the 
role of TRAIL during the overall post-MI response.

Consistent with the above observation is the potent degree of 
antiinflammatory activity mediated by the IAP antagonist LCL161 
(a Smac mimetic) after MI. Smac is an evolutionarily encoded IAP 
inhibitor68 and is the template for many compounds now in clinical 
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Fig. 5 | LCL161 induces splenic cell death and TRAIL expression. a, Single 
dose regimen for mice with LCL161. b, Masson’s trichrome staining of hearts 
showing reduced LV scar formation at D7 post-MI following single dose LCL 
administration of mice, with accompanying improvement in ejection fraction 
and reduction in heart weight normalized to tibia length. Scale bars, 1 mm; 
n = 3 per group. c, Reduction of immune infiltration at D7 post-MI following 
single dose LCL gavage. Controls, n = 3; MI-operated, n = 6 per group. Data are 
aggregate of two representative experiments. d, Flow cytometric measurement 

of spleen neutrophils and Ly6Chi monocytes D7 post-MI. n = 4 mice per group. 
e, Quantitative PCR measurement of representative inflammatory transcripts 
normalized to HPRT from spleens D7 post-MI. n = 3 mice per group. f, increased 
TUNEL+ splenocytes in LCL-treated mice D7 post-MI. Scale bars, = 50 μm. Vehicle 
treated, n = 6; LCL-treated, n = 5. g, Immunofluorescence microscopy showing 
TRAIL+ staining of splenocytes from mice 7 days post-MI. Scale bars, 25 μm;  
n = 5 mice per group. Error bars denote mean ± s.d.; P values were calculated  
using two-sided t-tests.
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development for cancer treatments69. Smac mimetics show variable 
levels of inhibition of cIAP1, cIAP2 and XIAP; however, there are differ-
ences in their inhibitory potency and/or their degradative capacity 
against the enzymes70,71. Molecular studies suggest that efficient 
degradation of cIAP proteins is strongly dependent upon expression 
of cIAP1 (ref. 72), which tends to be expressed more broadly across 
cell and tissue types and at more stable levels. By contrast, cIAP2, 
although highly homologous in sequence and structure to cIAP1, is 
a stress-responsive member of the IAP gene family26,53. This property 
may explain, in part, why our treatment, when applied early after MI, 
was effective to produce a lasting effect on cardioprotection. Tran-
sient ablation of cIAP2 (along with cIAP1) can potently reduce acute 
inflammation; therefore, avoidance of continuous administration may 
subsequently reduce the potential toxicity of the Smac mimetic. IAPs 
are known to play protective roles in resident tissue cell types after 
injury73–75. We established through dose titration of LCL161 that IAP 
inhibition could be achieved in splenocytes without impacting the 
protein levels in cardiac tissue, with protein degradation observed 
at quantities lower than predicted to be safely effective clinically. As 
evidence of broader immunomodulatory potential, leukocyte stud-
ies have demonstrated beneficial activity for Smac mimetics in the 
treatment of inflammatory bowel disease76 and a mouse model of 
pneumonia77. Ultimately, irrespective of the promise of these agents, 
further study is needed to confirm sparing of non-target organs and 
cellular effectors with cIAP inhibitory strategies.

In summary, we highlight cIAP2 as a potent proinflammatory 
factor that plays a critical role in maintaining cardiac inflammatory 
cell supply after MI. Cardiac injury and function are improved when 
hematopoietic expression of cIAP2 is ablated, and this protective effect 
is reproduced using a clinically relevant cIAP antagonist, LCL161. We 
propose that cIAP2 inhibition is an important new immunomodulatory 
strategy for improvement of cardiac outcomes after MI.

Methods
Human samples
Patient samples (blood whole plasma, peripheral blood mononu-
clear cells (PBMCs) and whole unfractionated leukocyte lysates) were 
obtained with consent and used under approval from the Ottawa Health 
Science Network Research Ethics Board (OHSN-REB protocols no. 
20140869, no. 20150428 and no. 20160516-01H). Patient character-
istics are summarized in Supplementary Table 1. For whole plasma 
cell-free protein analysis, samples were isolated from N = 7 randomized 
patients presenting with acute heart failure at the time of admission 
and subsequently at days 3 and 30 after admission and compared 
with N = 10 healthy controls. Analytes were screened using a SomaS-
can aptamer-tagged proteomics array (SomaLogic) as described 
previously78. Plasma was frozen until analysis at −80 °C. Acute MI ver-
sus CAD PBMC analyses were conducted using isolates from patients 
admitted to the University of Ottawa Heart Institute percutaneous cor-
onary intervention clinic, where approximately 30 ml of whole blood 
samples was obtained within 2 hours of admission (for planned CAD 
intervention, N = 12) or diagnosis of ST-segment elevated MI (STEMI, 
referred to as ‘MI’, N = 9). PBMC isolates were performed by gradient 
centrifugation of PBS-diluted whole blood over a 2:1 (v/v) Percoll gradi-
ent at 675g for 30 minutes at room temperature, followed by concen-
tration of buffy coat cell content in RPMI 1640 + 5% (v/v) FBS (Thermo 
Fisher Scientific) to a final concentration of 5 × 106 cells per milliliter. 
Standardized quantities of cells (1 × 106 per milliliter per sample) were 
reserved for flow cytometric analysis. For collection of cell lysate from 
unfractionated leukocytes, patient samples were collected at the time 
of clinical assessment, followed by removal of red blood cells using 
hypotonic ammonium chloride/potassium bicarbonate buffer and 
subsequent lysis of nucleated cell pellets. Lysates were stored for use in 
immunoassays. Patient sera were collected from patients with MI versus 
patients with CAD by centrifugation of 2 ml of whole blood at 1,000g 

at room temperature, followed by extraction of aqueous (non-packed 
hematocrit) fraction. Sera were stored for analysis at −80 °C.

Mouse post-MI gene set enrichment analysis
Left ventricular expression of gene products over a 48-hour time-
course was catalogued in the National Center for Biotechnol-
ogy Information (NCBI)-curated, open-source dataset GSE4648 
(GDS2329) (for reference, see https://www.ncbi.nlm.nih.gov/sites/
GDSbrowser?acc=GDS2329). The dataset was uploaded onto the Salk 
Institute open-access R Shiny bioinformatics platform BART (Bioin-
formatics Array Research Tool)79, and data were organized and cata-
logued using applications encoded in the software package (N = 2 
per MI timepoint in infarcted left ventricular region or N = 2 for con-
trols at representative timepoints). Data for differential gene expres-
sion and Gene Ontology annotation were collected from the 24-hour 
post-MI timepoint, and the summary of differential genes is located 
in Supplementary Tables 2 and 3. Statistical analyses were conducted 
within the software application.

Animals
C57Bl/6 (WT), Ciap2−/−, Ciap1−/−, Nod1−/−, Tlr4−/− and Tnfrsf1a−/− mice were 
bred and co-housed for multiple generations under identical specific 
pathogen-free conditions (including consistent chow, water and air 
supply) in the University of Ottawa Heart Institute vivarium prior to 
experimental procedures. Prior to breeding and use in this study, the 
principal experimental mouse strains Ciap2−/− and Ciap1−/− were simi-
larly normalized to C57Bl/6 background by backcrossing as described 
in ref. 27 and ref. 33, respectively. Bl/6 CD45.1 mice (B6.SJL-Ptprca 
Pepcb/BoyJ) were purchased from The Jackson Laboratory. Mice were 
12−16 weeks of age prior to surgical experiments. Mice were kept on a 
consistent 6:00−20:00 light/dark cycle, at constant 22° C temperature 
and 40% humidity and were provided chow and drinking water ad 
libitum. Both male and female mice were used for experimental MI 
procedures for germline knockout CIap2−/− studies; otherwise, males 
were used in reported experimental work. In all experiments, groups 
of animals were operated on in random order, and assignment to either 
experimental MI or control surgery was conducted in a blinded fashion. 
All animal experimentation was conducted under the guidance and 
with approval of the University of Ottawa Animal Care Committee 
(ACC), with experimental work adhering to ACC animal usage protocols 
HIb-2218, HIb-3536, HIe-2246 and HIe-3727. All surgical procedures were 
carried out with strict adherence to university-mandated protocols, 
including perioperative and postoperative analgesia and wellness 
assessment. Experiments were conceived and conducted to ensure 
compliance with directives from the Canadian Council for Animal Care 
and the ARRIVE criteria for responsible animal research.

MI
Male or female mice, aged 12−16 weeks, were randomly assigned to MI 
or sham (control) surgery. One hour prior to surgical procedure, mice 
were injected subcutaneously with a 1.2 mg kg−1 solution of buprenor-
phine slow-release formulation and a 1.0 mg kg−1 solution of meloxi-
cam. Mice were anesthetized with 2−4% isoflurane (mixed with O2); 
hair on the left chest was removed with a depilatory cream; and mice 
were intubated with a 20-gauge soft catheter attached to a ventilator 
operating at 130−150 strokes per minute. Once in adequate anesthetic 
surgical plane, the chest was opened on the left rib cage between either 
the 4th or 5th intercostal space; the pericardium was disrupted; and 
the left anterior descending artery (LAD) was located and ligated with 
a 7-0 silk suture approximately 2 mm below the atrial appendage. 
Arterial occlusion was verified by blanching of the distal myocardial 
tissue, at which time the chest was closed with a 6-0 Surgipro polyvi-
nyl suture. Sham-operated controls underwent the same procedure 
foregoing the terminal LAD ligation. The animals were allowed to 
recover from anesthetic in a 30 °C hyperbaric incubator and received 
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1.0 mg kg−1 meloxicam daily for two subsequent days. Food and water 
were not withdrawn at any point prior to or after surgery. Mice were 
subsequently monitored for the duration of the experimental protocol, 
determined at random to last 1, 3, 7 or 28 days unless endpoint was 
determined by wellness assessment.

Isoproterenol treatment
Twelve- to 16-week-old male C57Bl/6 mice were injected subcuta-
neously (subscapular) with 10 mg kg−1 isoproterenol-HCl in saline. 
Twenty-eight days after injection, cells and protein lysates were isolated 
and used in flow cytometry or immunoblotting assays.

Blood, spleen, bone marrow and heart immune cell isolation
PBMCs. Whole blood (50−100 μl) was collected by temporal vein lancet 
puncture and lysed with 20 volumes (1−1.5 ml) of cold red blood cell 
lysis buffer (150 mM ammonium chloride (NH4Cl), 20 mM potassium 
carbonate (K2HCO3) and 0.1 mM EDTA). Suspensions were centrifuged 
at 330g, and non-lysed cell pellets were resuspended in either PBS sup-
plemented with 1% BSA for flow cytometry analyses or cell lysis buffer 
(PBS supplemented with 1% (v/v) Triton X-100, 0.25% (v/v) sodium deox-
ycholate, 5 mM EDTA, 10 mM sodium orthovanadate, 2 mM sodium 
fluoride and 1× concentrated cOmplete protease inhibitor cocktail).

Spleens. Whole spleens from sham or MI-treated mice were excised, 
washed in cold sterile PBS and disrupted by crushing through 40-μm 
nylon mesh strainers. Cells were then centrifuged at 330g and resus-
pended in red blood cell lysis buffer. Non-lysed cells were recentrifuged 
at 330g, and cell pellets were resuspended in PBS plus 1% BSA (for flow 
cytometry), RPMI 1640 + 5% FBS (for adoptive transfer) or cell lysis 
buffer (for immunoblot protein analyses).

Bone marrow. Long bones (either tibia or femurs) were excised; muscle 
and connective tissues were removed; and bones were washed in cold 
70% ethanol and PBS, consecutively. Bones were then crushed using 
a mortar and pestle. Marrow was resuspended in cold PBS and passed 
through a 40-μm nylon strainer, and cell suspensions were centrifuged 
at 330g, followed by resuspension in PBS/1% BSA, RPMI 1640 + 5% FBS 
or cell lysis buffer as above.

Hearts. Hearts were excised and flushed with cold PBS, and left ven-
tricular tissue was dissected. In preliminary experiments where both 
MI or isoproterenol treatments were evaluated, the apical (approx-
imate lower third) region was removed, and cells were isolated; in 
focused MI experiments, the infarct-affected (border) region, which 
we defined as the approximate 2-mm boundary on either side of the 
infarcted region (identified by fibrosis or blanching of the myocar-
dium), was removed and used for cell isolation and flow cytometry or 
for whole-tissue molecular analyses (RT−qPCR or immunoblotting; 
Supplementary Fig. 1). Left ventricular tissue extracts were weighed 
and digested in tissue digestion buffer (113 mM NaCl, 0.6 mM KH2PO4, 
0.6 mM Na2HPO4, 20 mM HEPES, 20 mM NaHC03, 4.7 mM KCl, 2 mM 
MgCl2, 1 mM EDTA, 60 U ml−1 DNAse I (MilliporeSigma), 100 U ml−1 
hyaluronidase (MilliporeSigma), 450 U ml−1 Collagenase I (Worthington 
Biochemical), 250 U ml−1 Collagenase II (Worthington Biochemical) 
and 125 U ml−1 Collagenase D (Worthington Biochemical)) by shaking 
at 37 °C for 1 hour. Liberated cells were gravity filtered through a 40-μm 
nylon strainer by washing with cold PBS. Cell suspensions were centri-
fuged at 330g and resuspended in either PBS/1% BSA or RPMI 1640/5% 
FBS. For quantitation purposes, aliquots of all cell suspensions (prior 
to red blood cell lysis or centrifugation) were collected; 1 in 10 dilutions 
were made in PBS; and cells were counted using a hemocytometer.

Flow cytometry and fluorescence-activated cell sorting
Cell isolates collected as described above were stained with speci-
fied antibody cocktails at a concentration of approximately 2.5 × 106 

cells per milliliter in PBS supplemented with 1% BSA for 90 minutes 
on ice protected from light. Antibody concentrations were prepared 
as master cocktail mixes with specific antibodies employed at the 
concentrations indicated in Supplementary Table 4. For cytometric 
analysis, stained cells were washed with PBS, spun down at 330g 
and resuspended in PBS supplemented with 1% v/v paraformal-
dehyde. Stained cells were either immediately analyzed or stored 
overnight at 4 °C protected from light. Gating strategies for cytom-
etry experiments are provided in the Supplementary Data file. For 
fluorescence-activated cell sorting (FACS) purification and cell recov-
ery, stained cell isolates were washed, resuspended in RPMI 1640/5% 
FBS and immediately resolved. Cells were collected into chilled 5-ml 
round-bottom polypropylene tubes containing 1 ml of RPMI 1640/5% 
FBS. Where possible, cell purifications were verified by performing 
reanalysis on aliquots of recovered sample or by microscopic assess-
ment on a hemocytometer. All cytometric processing was carried out 
on a FACSAriaIII four-laser cell sorter/cytometer (BD Biosciences). 
Experiments were acquired using BD FACSDiva version 8.2 software, 
and analysis was performed using either FACSDiva or FlowJo version 
10.8 software (Tree Star).

Bone marrow transplantation
Bone marrow chimeric mice were established by lethally irradiatiat-
ing 6−8-week-old B6 CD45.1 mice with exposure to two cycles (spaced 
by 20-minute intervals) of 450-cGy gamma irradiation using a Gam-
macell 3000 Cesium137 source irradiator (Best Theratronics). Within 
3 hours of irradiation, mice were injected intravenously with 2.5 × 106 
sterile-isolated, filtered bone marrow cells from C57Bl6/, CIap2−/− or 
CIap1−/− donors. Mice were allowed to recover over a minimum 6-week 
period in a sterilized housing unit, after which a blood sample was col-
lected to assess hematopoietic reconstitution by flow cytometric analy-
sis of CD45.1 (recipient strain) and CD45.2 (donor strain) isotypes as 
well as verification of PBMC populations. Chimerism of 90% or greater 
was consistently achieved, with no apparent deficiency in specific cell 
populations. Animals were subsequently randomized into MI experi-
ments, with sample groups aggregated from three separate similar 
experimental protocols. In all experiments, small groups of mice were 
randomly assigned to sham surgical procedure. For ‘reciprocal’ bone 
marrow transplantation experiments, CD45.2 (C57Bl/6 or CIap2−/−) 
mice were irradiated and served as recipient strains for CD45.1 bone 
marrow donation in order to assess the role of resident cardiac cIAP2 
expression after injury. Experiments were presented as aggregate data 
from two similar experimental protocols.

Antibody injections for in vivo neutralization studies
TRAIL (Tnfsf10) neutralization using N2B2 monoclonal antibody. 
C57Bl/6 or CIap2−/− mice (as above) were injected with either 250 μg of 
rat anti-TRAIL IgG2a(κ) monoclonal antibody (clone N2B2; BioLegend, 
109308) or equivalent quantity of isotype control rat IgG2a (clone 
RTK2758; BioLegend, 400502) via intraperitoneal injection 3 days 
before surgery, perioperatively or 3 days after surgery. Apoptosis in 
spleens of MI-operated mice was evaluated in a subgroup of animals 
at 3 days after MI, and the remaining animals were euthanized at day 
28 for assay of cell infiltration or cardiac injury, as indicated in Fig. 3j,k 
and Extended Data Fig. 7e,f.

Smac mimetic treatments
The monovalent Smac mimetic LCL161 was purchased from Selleck 
Chemicals. For in vitro experiments, LCL161 was dissolved in dimethyl-
sulphoxide (DMSO) and used at 5-μM concentrations applied to cul-
tured bone marrow-derived dendritic cells (described below) for 
48 hours in the presence or absence of inflammatory stimulation. 
Control cultures were treated with DMSO only. For in vivo experiments, 
mice were first weighed and then administered 10 mg kg−1 LCL161 dis-
solved in sodium acetate buffer (0.07 M NaOAc, 0.03 M HCl (pH 4.6)) 
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orally by intragastric gavage at day 1 or days 1 and 4 after MI. Control 
mice were gavaged with acetate buffer only. Animals were monitored 
for up to 7 days or 28 days after MI, as indicated.

Echocardiography
Mice were sedated with 1.5% isoflurane (per liter O2), and hair was 
removed from the left chest. Parasternal long axial (high resolution, 
electrocardiogram-gated kilohertz visualization (EKV) and low resolu-
tion, B mode) and short axial (M mode) images were collected using a 
Vevo 770 or a Vevo 3100 ultrasound imaging station (FUJIFILM/Visu-
alSonics). Systolic function (ejection fraction and stroke volume) was 
estimated by the observed change in two-dimensional area meas-
urements of endocardial wall from end-diastole to end-systole using 
parasternal long axis (planar projection of whole ventricle from aortic 
valve to apex) high-resolution (300 images per beat) EKV image analy-
sis; dimensional change and myocardial wall thickness were estimated 
by linear measurement of midventricular chamber from anterior to 
posterior wall in short axial (vertical projection) images. Imaging was 
performed by a blinded operator, and image analysis was carried out 
in random order by a blinded investigator. Measurement and calcula-
tion of imaging results was performed with Vevo LAB software (version 
3.0-770 or version 3.1.1).

Histology
Hearts were excised, flushed with cold PBS and immersed in 0.5 M KCl 
for 5 minutes to enhance ventricular dilatation. Subsequently, hearts 
were fixed in 20 volumes (approximately 3 ml for mouse hearts) of 4% 
paraformaldehyde for 24−48 hours, reimmersed in PBS for another 
48 hours and then equilibrated in autoclaved water and stored at 4 °C 
until being embedded in paraffin. For tissue sectioning, full thickness 
(concentric) 5-μm sections were cut using a microtome and collected 
onto slides. Tissue sections were deparaffinized using toluene and 
rehydrated by immersion in stepwise decreasing ethanol gradients and 
then subjected to hematoxylin and eosin staining, Masson’s trichrome 
or immunofluorescence microscopy. Midventricular sections cor-
responding to regions spanning the infarction were selected (based 
upon presence of silk suture fibers from LAD ligation; approximately 
similar tissue regions were selected from sham-operated mice) and 
used for analysis.

Tissue morphometry
Serial midventricular sections from MI-treated or sham-operated 
mouse hearts were stained with Masson’s trichrome (to expose col-
lagenous scar tissue, stained blue), and collagen area was estimated as 
a fraction of whole left ventricle by blinded measurement using ImageJ 
(version 3) open-source software (National Institutes of Health). Mean 
area calculations from each subject were used to estimate scar area, 
where a minimum of five animals per MI treatment group were used 
for measurement.

Cell culture experiments
Reagents were purchased from Thermo Fisher Scientific unless other-
wise indicated. Isoproterenol-HCl was purchased from MilliporeSigma. 
iE-DAP and poly I:C were purchased from InvivoGen. Flt3 ligand (Flt3L) 
was purchased from R&D Systems/Bio-Techne. Bone marrow-derived 
plasmacytoid dendritic cells: Whole bone marrow was isolated from 
long bones as described, and 2 × 106 cells per milliliter were seeded 
into 12-well culture dishes (500 ml per well) with RPMI/5% FBS sup-
plemented with 50 ng ml−1 Flt3L and re-fed every third day for 7 days. 
The final 3 days, cells were additionally administered 5 µM poly I:C 
to further mature the cell populations80. Cells were subsequently 
stimulated with 10 μM ie-DAP and 20 μg necrotic heart tissue. Fol-
lowing 48 hours, cultured cell lysates were collected and immuno-
blotting was performed for proteins as presented in as presented in 
Extended Data Fig. 8b.

Immunofluorescence microscopy
Formalin fixed, paraffin-embedded heart midventricular sections 
were deparaffinized, and antigen retrieval was performed by either a 
15-minute incubation in 1× proteinase K at 37 °C (for TUNEL staining 
or intracellular antigen staining) or a 10-minute steaming at 65 °C 
with 10 mM sodium citrate buffer (for surface antigen staining or 
isolectin B4 staining). TUNEL assay was conducted using a Click-iT 
EdU kit (AlexaFluor 594) (Thermo Fisher Scientific) according to the 
manufacturer’s specifications with nuclear counterstaining using DAPI. 
For immunostaining, sections were blocked for 30 minutes with 2% 
normal goat or donkey serum (see below) in PBS. Primary antibodies 
(Supplementary Table 5) were incubated with sections using indicated 
dilutions overnight at 4 °C, followed by washing with PBS plus 0.05% 
(v/v) Tween 20 detergent. Secondary antibodies (goat anti-mouse or 
donkey anti-rabbit) conjugated to various AlexaFluor fluorochromes 
were used at reported dilutions in the appropriate blocking buffer 
(determined by host species) and incubated on sections at room 
temperature for 90 minutes, followed by washing with PBS 0.05%/
Tween 20 and PBS, sequentially. Staining of myocardial vasculature 
was performed using Griffonia simplicifolia isolectin B4 conjugated 
with AlexaFluor 488 (Thermo Fisher Scientific) at a concentration of 
1μg ml−1 (diluted in 10 mM MgCl2/MnCl2/CaCl2) overnight at 4 °C and 
counterstained with DAPI. Slides were mounted with ProLong Antifade 
Gold (Thermo Fisher Scientific). The photomicrographs were captured 
in a blinded fashion using an Olympus IX81 laser confocal microscope, 
and images were prepared with Fluoview version 4.3 software (Olympus 
Corporation). Quantitation of analytes or antigens was conducted by 
counting events per high-powered field, minimum four fields per ven-
tricle or splenic section, using at least triplicate animals per treatment. 
For high-resolution micrographs, slides were imaged on a Zeiss ELYRA 
LSM 880 microscope using a ×20 planar apochromat objective with 
AiryScan function. Images were acquired and processed using Zeiss 
ZEN 2.3 software (Carl Zeiss) and Imaris Viewer (version 9.8.0, Oxford 
Instruments) (for z-stack deconvolution).

Protein extracts from fresh-frozen tissue
Border regions of post-MI left ventricular tissue and spleens were 
excised at predetermined timepoints after the experimental procedure 
and washed in cold PBS. After being patted dry on a sterile filter paper 
and then weighed, tissues were placed in 2.0-ml screwcap cryovials and 
immersed in liquid nitrogen for storage at −80 °C. For protein isola-
tion, tissues were thawed on ice in cold lysis buffer, finely minced with 
scissors and then disrupted using a glass homogenizer. Suspensions 
were incubated on ice for 1 hour with occasional vortexing and then 
sonicated twice for 10-second intervals. Supernatants were clarified 
by centrifugation at 12,000g at 4 °C for 10 minutes and transferred to 
new sample tubes for use in immunoblotting. Prior to electrophoresis, 
protein quantities were determined by Bradford assay.

Nuclear extracts
Halved spleens (approximately 35−40 mg), either freshly isolated 
or frozen, were incubated in 1.5-ml Eppendorf tubes on ice in cold 
PBS followed by PBS diluted 1:5 in distilled deionized water. Tissue 
was minced into small pieces with scissors and spun at 500g, and PBS 
solution was replaced with hypotonic lysis buffer (10 mM HEPES (pH 
7.5), 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 1× concentrate cOmplete 
protease inhibitor cocktail and 50 mM sodium orthovanadate). Tissue 
was further minced, vortexed gently and incubated for 10 minutes on 
ice, followed by addition of 0.5% Triton X-100. Cell suspensions were 
spun at 1,500g; supernatants (‘cytoplasmic’ fraction) were transferred 
to collection tubes; and pellets were resuspended in nuclear extrac-
tion buffer (20 mM HEPES (pH 7.5), 20 mM KCl, 80 mM NaCl, 25% (v/v) 
glycerol, 0.5 mM EDTA, 1 mM DTT, 1× concentrate cOmplete protease 
inhibitor cocktail and 50 mM sodium orthovanadate) for 30 minutes on 
ice. Suspensions were intermittently vortexed and finally centrifuged 
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at 12,000g (4 °C) for 15 minutes. Supernatants were collected, and 
both cytoplasmic and nuclear extracts were stored at −80 °C for use in 
immunoblotting. Prior to electrophoresis, sample protein concentra-
tion was measured by Bradford assay.

Immunoprecipitation and immunoblotting
Immunoprecipitation. 300 μg of cell extracts was incubated in lysis 
buffer and 2 μg ml−1 mouse monoclonal anti-TRAF3 (Santa Cruz Bio-
technology), rabbit ployclonal anti-TRAF6 (Cell Signaling Technol-
ogy) or mouse monoclonal anti-RIPK1 (BD Biosciences) antibodies, 
respectively. Samples were rotated continuously at 4 °C overnight and 
subsequently incubated with 0.10 volumes of Protein G-conjugated 
Dynabeads (Thermo Fisher Scientific) at 4 °C for an additional 90 min-
utes. Antigen-antibody complexes were immobilized using a DynaSpin 
column (Thermo Fisher Scientific), and the unbound fraction was 
saved for immunoblot analysis. Beads were subsequently washed in 
lysis buffer and PBS, sequentially, and antigen-antibody complexes 
were eluted using 4× Laemmli sample loading buffer and heating at 
95 °C for 5 minutes. Samples were loaded onto 8% SDS-PAGE gels, and 
isolated proteins were subsequently probed by immunoblotting for 
proteins as indicated. Ubiquitin pulldowns were performed using a 
Pierce Ubiquitin Enrichment Kit (Thermo Fisher Scientific) according 
to the manufacturer’s protocol, and eluted proteins were stored at 
−80 °C prior to immunoblotting.

Immunoblotting. Protein lysates collected as described were loaded 
as 10-μg aliquots onto 6% or 12% SDS-PAGE gels. Separated proteins 
were transferred onto polyvinyl difluoride (PVDF) membranes 
and immunoblotted with primary antibodies as indicated (listed 
in Supplementary Table 6). HRP-conjugated secondary antibodies 
(1:25,000 dilution; Bio-Rad) were incubated with blots, and labeled 
antibody-antigen complexes were developed using West Pico PLUS 
ECL reagent (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. Blots were exposed and images collected on a Bio-Rad 
ChemiDoc XRS+ imaging system, and analysis was conducted using 
Image Lab version 6 software.

RNA isolation and real-time qPCR
Frozen peri-infarct region left ventricular tissue or spleen (approxi-
mately 40−60 mg) was digested in 800 µl of TRIzol solution (Thermo 
Fisher Scientific), followed by standard chloroform separation and 75% 
ethanol RNA precipitation. RNA concentrations were determined with 
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific), 
and 1 μg of RNA was reverse transcribed to cDNA using All-In-One 5× RT 
PCR MasterMix (Applied Biological Materials) according to the manufac-
turer’s protocol. Sample cDNA was then diluted 1:10 and used for qPCR 
gene expression analysis using BrightGreen 2× qPCR MasterMix (Applied 
Biological Materials), with 10 mM target-selective primers as listed in 
Supplementary Table 7. PCR reactions were performed using the fol-
lowing cycling conditions: 95 °C for 15 seconds, 60 °C for 15 seconds and 
72 °C for 15 seconds over a 40-cycle reaction sequence on a Roche Light-
Cycler 96 instrument. Quantitation of transcript was performed using 
the ΔΔCt method, using HPRT or β-actin (indicated in the figure legends) 
as reference (control) PCR products. For most experiments, ΔΔCt values 
(the effect of MI on the target gene of interest) were compared between 
WT and CIap2−/− mice, and a relative expression ratio was calculated with 
WT MI expression change being assigned a reference value of 1.

ELISA
For clinical serum or lysate samples, proteins were isolated as described 
above and were used for measurement by human cIAP1 or cIAP2 
ELISA (MilliporeSigma, RAB1369 and RAB0027). Assays were con-
ducted as recommended according to the manufacturer’s protocols. 
Intracellular-isolated cIAP measurements (from PBMC lysates) were 
normalized by standard Bradford protein assay. For mouse analyses, 

spleen cells were cultured at densities of 1 × 106 cells per milliliter in 
RPMI/5% FBS for 48 hours, and conditioned media were collected and 
stored at −80 °C for use in ELISA. Conditioned media from splenocyte 
cultures were collected 48 hours after cell plating of 1 × 106 cells per 
well (12-mm wells) and subsequently used for detection of IL-10 or IL-23 
using DuoSet ELISA kits (IL-10: DY417; IL-23: DY1887 (R&D Systems/
Bio-Techne)) according to the manufacturer’s protocols.

Statistical analysis
Sample size calculations were performed for mouse MI experiments 
based upon estimation of effect sizes from preliminary experiments. 
In general, observation of relative performance (that is, magnitude of 
biological effect size) was compared among WT, CIap2−/− or CIap1−/− 
mice. Results were applied to subsequent experiments, with sample 
sizes determined according to methods summarized in ref. 81 using 
calculation formulas suitable for continuous variable measurements. 
A single exception was the use of linear regression statistical testing 
for survival analysis in Fig. 5d, where subject animal differences were 
evaluated ad hoc during experiments for cardiac injury measurements. 
Statistical calculations for experimental outputs were made from indi-
vidual raw data using GraphPad Prism version 8 or version 9 software 
(GraphPad Software); sample sizes and selection of statistical tests are 
indicated in the figure legends.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings in this study are included in the main 
article and associated files. Source data are provided in the Supple-
mentary Information attachment accompanying the paper. Source 
data from gene set enrichment analysis and gene expression analyses 
were tabulated and are available in Supplementary Tables 2 and 3.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Upregulation of cIAP2 post-MI. a) and b) Gene expression 
changes within infarcted left ventricle (‘infarct’) are marked at 24- and 48-hours 
post-MI, as assessed by hierarchical clustering and principal component analyses 
of the open-source GEO dataset GSE4648. Analyses carried out using Geo2R 
and the open-source BART bioinformatics tool. c) Differential gene expression 
patterns identified in 24-hour post-MI ventricle compared with sham control. 
cIAP2 (Birc3) is significantly upregulated. d) LV infarct region gene expression 
timecourse of cIAP2 (maroon) and related transcripts cIAP1 (blue) and Xiap 
(green), contrasted with measured cardiac marker tnnt2 (Cardiac Troponin 
T) and inflammatory marker cxcl1. e) Compiled expression timecourse of 
representative myeloid-related transcripts (maroon) and lymphoid transcripts 

(blue) from LV infarct region post-MI. ptprc (black) = hematopoietic marker 
gene transcript. f) Gene Ontogeny (GO) pathway enrichment following MI 
identifies multiple networks requiring cIAP2. g) NOD1−/− mice have reduced 
systolic dysfunction and cardiac inflammation following MI relative to WT 
control mice. Control-operated mice: N = 3; MI-operated mice: N = 5. Ejection 
fraction: N = 4 MI-operated per group. h) cIAP2 is expressed at lower levels, along 
with inflammatory genes RIPK1, IRAK4 and TRAF6, in multiple danger signaling 
receptor-deficient mouse models following MI. Image is representative of two 
similar experiments. Error bars denote Mean +/- SD; p values were calculated 
using one-way ANOVA with Bonferroni’s correction (g, upper panel) or two-sided 
t-test (g, lower panel).
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Extended Data Fig. 2 | cIAP2 deficiency reduces post-MI injury. a) Left 
ventricular end-diastolic dimension (LVEDD) and left ventricular end-systolic 
dimension (LVESD) measurements presented as % change from baseline (pre-MI) 
echocardiography in 28-day MI-operated mice. Right panel shows absolute 
LVESD measurements including Control operated mice, noting differences in 
systolic dimension of control animals. b) Immunoblot of apoptotic proteins 
Annexin A1, cleaved Poly-adenoribosyl polymerase (PARP) and cleaved 
Caspase 8 from Day 3 post-MI left ventricle tissue lysates. β-actin was used as an 
expression control c) Quantitative PCR measuring expression of representative 
injury-associated genes Brain-Natriuretic Peptide (Nppb), Myosin Heavy chain 

Isoform 7 (Myh7), Tumour Necrosis Factor-alpha (Tnfa) and Transforming 
Growth Factor-beta (Tgfb1) 28 days post-MI. N = 4 per treatment, target genes 
were normalized to expression of β-actin. d) Immunoblot of cardiac HMGB1 
and TGFβ1 from Day 28 post-MI left ventricle tissue lysates. Vinculin was used 
as an expression control. Imaging representative of three similar experiments. 
e) Flow cytometry gating strategy for cell quantitation in Figs. 2b and 3b). Error 
bars denote Mean +/-SD; p values were calculated using two-way ANOVA with 
Bonferroni’s correction (a right panel), one-way ANOVA using Bonferroni’s 
correction (a left and centre panels), two-sided t-tests (c).
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Extended Data Fig. 3 | Immune-derived cIAP2 drives inflammation post-MI. 
a) Bone marrow chimeric recipient heart and lung weights 28 days post-MI. 
Controls: N = 5 (WT)/3 (ciap2−/−); MI-operated: N = 17 per group. Results represent 
aggregate data from three experiments. b) Capillary density (green) of MI infarct 
border region. Scale bar = 50 μm. N = 4 per group, mean of 3 representative fields 
per animal. c) Flow cytometric quantitation of heart-infiltrating neutrophils 
and Ly6Chi monocytes from bone marrow transplanted mice Day 28 post-MI. 
Control: N = 3; WT chimeric MI: N = 4; ciap2−/− chimeric MI: N = 4. d) Inflammatory 
cytokine production from splenocytes isolated from bone marrow chimeric 
mice 28 days post-MI. N = 6 splenocyte cultures/treatment group. e) Left 

panel: flow cytometric quantitation of lymphocyte populations (CD4 + T cells, 
CD8 + T cells, B cells) from left ventricle tissue Day 28 post-MI. Right panels: 
Immunofluorescence microscopy assessing Th17 cell presence (white 
arrowheads) in left ventricular MI border zone. Green – IL-17A; red – CD3ζ chain; 
blue – DAPI. 400x magnification; scale bar denotes 50 μm. Cell quantitation 
was performed in WT: N = 3, ciap2−/−: N = 4, 4 fields counted per animal. Error 
bars denote Mean +/- SD; p values were calculated using two-way ANOVA with 
Bonferroni’s correction (a), one-way ANOVA with Bonferroni’s correction (b, c) or 
two sided t-test (d, e).
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Extended Data Fig. 4 | cIAP2−/− reverse chimeric mice exhibit greater post-MI 
injury. a) Heart and lung weights normalized to tibia length from reverse bone 
marrow transplanted mice. b) LVESD measurements of reverse bone marrow 
chimeric mice. a)-b): Controls: N = 4; WT recipient MI: N = 8; cIAP2−/− recipient 
MI: N = 7. c) Estimation of capillary density by Isolectin B4 staining (green); 
nuclei (DAPI) – blue; scale bar = 50μM. N = 4 per treatment. Data presented are 

aggregates from two experiments. d) and e) Flow cytometry and cell quantitation 
from reverse bone marrow chimeric mice 28 days post-MI. Control operated 
mice: N = 3; MI-operated mice: N = 5 per group. Data presented are aggregates 
from two experiments. Error bars denote Mean +/- SD; p values were calculated 
using one-way ANOVA with Bonferroni’s correction.
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Extended Data Fig. 5 | Altered myeloid immune cell dynamics in cIAP2−/− 
mice. a) (upper panel) cIAP2 upregulation was observed in patient blood 
leukocyte lysates from MI-sufferers, and not from control or non-MI, heart 
failure-diagnosed patients. (lower panel) Murine circulating leukocytes 
demonstrated increased cIAP2 protein expression Day 7 post-MI. b) Quantitation 
of leukocyte intracellular cIAP1 and cIAP2 protein expression from stable 
coronary artery disease (CAD) or MI patients using respective enzyme-specific 
immunoassay (ELISA). Outputs were normalized to whole protein (μg/ml) of 
cell lysate. N = 6 representative samples per group. c) Representative gating of 
peripheral blood myeloid (CD11b+) cells Day 3 post-MI. Representative gating d) 

and quantitation e) of peripheral blood B and T lymphocytes (B cells, CD4+ T cells, 
CD8+ T cells) from Day 3 post-MI WT and cIAP2−/− mice. f) Measurement of splenic 
lymphocytes collected 3- and 7- days post-MI. g) Measurement of LV infiltrating 
lymphocytes collected 7 days post-MI. h) Schematic diagram summarizing 
cardiac injury inducing leukocyte production and mobilization from the bone 
marrow and spleen, with subsequent infiltration into the heart being suppressed 
in the setting of cIAP2 deficiency. Error bars denote Mean +/- SD; p values were 
calculated using two-sided t-test (a) or one-way ANOVA followed by Bonferroni’s 
correction (c, d).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | cIAP2 promotes MI-stimulated inflammatory cell 
signaling. a) cIAP2 expression coincides with TRAF3 loss in splenocytes 
following MI. Data are representative of two separate experiments.  
b) Representative immunoblotting from mouse splenocyte homogenates 48 h 
post-MI showing expression changes of IAP proteins and TRAF3 in WT, cIAP2−/− 
or cIAP1−/− mice. c) Spleen expression of pro-inflammatory signal transduction 
intermediates from WT or cIAP2−/− mice 7 days post-MI. Immunoblot 
representative of three similar experiments. d) cIAP2 co-immunoprecipitation 
with TRAF3, an identified substrate for cIAP2 E3 ligase activity, from splenocytes 
Day 3 post-MI. Immunoblots are representative of three experiments, 
quantitation by densitometry relative to TRAF3. e) cIAP2 promotes TRAF3 
(upper panel) K48 polyubiquitination (26S proteasomal targeting signal) and 
RIPK1 (lower panel) K63 polyubiquitination (activation/anti-apoptotic signal) 
in 24-hour MI-conditioned splenocytes. Blots of input protein lysate show 

TRAF3, RIPK1 cIAP1/2 expression as well as changes to non-cannonical NF-kB 
pathway factors (NF-κB-inducible kinase, IκB kinase-alpha, NF-kB2 (p100/52) and 
RelB). Representative of four experiments. f) Reduced nuclear translocation of 
NF-kB components RelA (p65) and NF-kB1 (p50) in cIAP2-deficient splenocytes 
isolated following MI. Lamin B is a nuclear antigen control. N = 3 per treatment 
group; image is representative of two similar experiments. g) Expression of 
inflammatory genes Tnfa, Il1b and Il6 from WT and cIAP2−/− splenocytes at Day 3 
post-MI (N = 3/group). Values presented as expression normalized to respective 
strain sham controls. h) Schematic diagram depicting proposed role for cIAP2 
following MI. Danger signal engagement drives cIAP2-mediated regulation 
of pro-inflammatory signaling, promoting NF-kB activity and promoting 
degradation of regulator TRAF3. Error bars denote Mean +/- SD; p values were 
calculated using two-sided t test (g).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | TRAIL is upregulated by cIAP2−/− mice post-MI. a) mRNA 
expression of Tnfa, Il1b, and IL6 normalized to HPRT from Day 7 post-MI WT or 
cIAP2−/− spleens. N = 3 per treatment group. b) Immunoblotting of splenocyte 
lysates from 7-day post-MI from WT or cIAP2−/− mice were immunoblotted 
for TRAIL (top) and TNFα, cleaved (active) Caspase 8 (p41 and p18), cleaved 
Caspase 3 (p17/19), Annexin A1 or vinculin. Imaging representative of two similar 
experiments, respectively. c) (Top panel) TRAIL and IRF1 protein expression 
from bone marrow cells collected from WT and cIAP2−/− mice 24-hours post-MI. 
(Bottom panel) Expression of TRAIL compared between dendritic cells  
(CD11c+) isolated from WT, cIAP2−/− and cIAP1−/− bone marrow 24-hours post-
MI. d) High-resolution immunofluorescence microscopy of spleen sections 
detecting TRAIL and DR5 in cIAP2−/− mice 3 days post-MI; arrowheads indicate 
increased colocalized staining of TRAIL on cell surface of BST2+ splenocytes. 
Scale bar = 25 μm; images representative of three animals per treatment. e) 
Increased LVESD 28 days post-MI in both WT and cIAP2−/− MI recipient mice after 

anti-TRAIL (N2B2) antibody treatments. Control IgG2 recipients: N = 3 sham 
operated controls (WT); N = 4 WT and cIAP2−/− mice per MI treatment group. 
Anti-TRAIL recipients: N = 3 sham operated controls (WT); N = 5 WT and cIAP2−/− 
mice per MI treatment group. f) Flow cytometry of inflammatory cells from 
hearts (left panels) and spleens (right panels) of MI recipient mice following 
TRAIL neutralizing antibody treatment. cIAP2−/− mice exhibit more pronounced 
increases in cardiac tissues. Control IgG2 recipients: N = 3 sham operated 
controls (WT); N = 4 WT and cIAP2−/− mice per MI treatment group. Anti-TRAIL 
recipients: N = 3 sham operated controls (WT); N = 5 WT and cIAP2−/− mice per MI 
treatment group. g) Schematic summary of proposed activity of splenic cIAP2−/− 
pDCs following TNFα or death-promoter TNFSF ligand (TRAIL) signaling (via 
TNFR1 or DR5, respectively). Error bars denote Mean +/- SD; p values were 
calculated using two-sided t test (a), two-way ANOVA with Tukey’s test (e) or two-
way ANOVA with Bonferroni’s correction (f).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | LCL161 treatment reduces MI injury. a) in vivo 
dose titration of LCL161. Peripheral blood cells were isolated 48 h following 
stimulation of mice with isoproterenol (10 mg/kg) and gavage of vehicle 
control or 2, 10 or 25 mg/kg of LCL161. Data shown is of representative 2 vehicle 
control-gavaged mice (top) or 10 mg/kg-gavaged LCL161 (bottom). b) Expression 
of inflammatory signal transduction intermediates by ex vivo-differentiated 
bone marrow-derived dendritic cells. Cell lysates were collected following 
48-hour stimulation as indicated in presence or absence of LCL161. Immunoblot 
is representative of 2 similar experiments. c) flow cytometry gating for cell 
quantitation of monocytes or neutrophils from hearts of MI-treated C57Bl/6 
mice receiving either vehicle (top) or LCL161 (10 mg/kg; bottom). Dotplot 
is representative of 5 mice per treatment. d) intracellular flow cytometry 
measuring cardiac Th17 cells from mice treated as in c). Controls: N = 2; MI-
operated: N = 3 per group. e) LCL161-treated cIAP1−/−, but not cIAP2−/−, mice 

demonstrate improvement in ejection fraction, remodeling and heart weight 
improvement following MI. WT: MI + Vehicle: N = 5, MI + LCL: N = 5; cIAP1−/−:  
MI + Vehicle: N = 6, MI + LCL: N = 6; cIAP2−/−: MI + Vehicle: N = 8, MI + LCL: N = 7. 
Data are presented as aggregates from two representative experiments. f) 
reduced inflammatory cell infiltrate in hearts of cIAP1−/− mice treated with LCL161. 
Controls: N = 2; MI-operated: N = 4 vehicle treated; N = 5 LCL treated. 
 g) Quantitative PCR of heart tissue isolates at 28 days post-MI for measurement 
of injury/inflammation gene transcription. N = 4/group for each target gene.  
h) Quantitation of spleen and bone marrow myeloid (CD11b+) cells Day 28 
post-MI. Controls: N = 2/mouse strain; MI: N = 4/mouse strain. Error bars denote 
Mean +/- SD; p values were calculated using one-way ANOVA with Bonferroni’s 
correction (d, f) two-way ANOVA with Bonferroni’s correction (e) or two-sided  
t test (g).
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