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Abstract

Myocardial infarction (MI) is a leading cause of death worldwide for which there is no cure. 

Although cardiac cell death is a well-recognized pathological mechanism of MI, therapeutic 

blockade of cell death to treat MI is not straightforward. Death receptor 5 (DR5) and its ligand 

TRAIL [tumor necrosis factor (TNF)–related apoptosis- inducing ligand] are up-regulated in 
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MI, but their roles in pathological remodeling are unknown. Here, we report that blocking 

TRAIL with a soluble DR5 immunoglobulin fusion protein diminished MI by preventing cardiac 

cell death and inflammation in rats, pigs, and monkeys. Mechanistically, TRAIL induced the 

death of cardiomyocytes and recruited and activated leukocytes, directly and indirectly causing 

cardiac injury. Transcriptome profiling revealed increased expression of inflammatory cytokines 

in infarcted heart tissue, which was markedly reduced by TRAIL blockade. Together, our findings 

indicate that TRAIL mediates MI directly by targeting cardiomyocytes and indirectly by affecting 

myeloid cells, supporting TRAIL blockade as a potential therapeutic strategy for treating MI.

INTRODUCTION

Ischemic heart disease (IHD), including myocardial infarction (MI), is a leading cause of 

death worldwide for which there is no cure (1, 2). An important goal for managing MI 

is to reestablish blood supply (reperfusion) to the injured tissue (3). However, reperfusion 

promotes the sequestration of inflammatory cells in ischemic tissues, the production of 

reactive oxygen and nitrogen species, and the development of postischemic capillary no-

reflow, which amplify tissue injury (4). Ischemic and ischemia/reperfusion injuries (IRI) 

must be resolved to successfully manage IHD.

Mitigation of ischemic and IRI may require strategies that both protect cardiomyocytes and 

inhibit inflammatory cells. During MI, chemoattractants released by injured myocardium or 

resident immune cells recruit circulating leukocytes to the site of injury (5, 6). Neutrophils 

are usually the first recruited cells, which can be found in the infarcted area within 30 min 

of infarction. They are not only responsible for the clearance of dead cells and matrix debris 

but also the source of cytotoxic and inflammatory factors such as reactive oxygen species. 

Subsequent recruitment and activation of additional leukocytes leads to the development 

of inflammatory lesions seen in the infarcted tissues (7). Therefore, anti-inflammatory 

therapy may help control tissue injury during MI. Preclinical and/or clinical studies targeting 

inflammatory molecules have yielded promising results. These include strategies to block 

the receptor activator of nuclear factor κB (NF-κB) ligand, intercellular cell adhesion 

molecule–1 (ICAM-1), P-selectin, cluster of differentiation 11/18 (CD11/18), chemokine 

(C-C motif) receptor 2 (CCR2), C-C motif chemokine ligand 21 (CCL21), monocyte 

chemoattractant protein-1, tumor necrosis factor–α (TNF-α), interleukin-1β (IL-1β), and 

IL-6 (8–19). However, to what degree blocking inflammation alone diminishes IRI in human 

remains to be established (20).

Death receptor 5 (DR5 or TNFRSF10B) is the high-affinity receptor for TNF-related 

apoptosis-inducing ligand (TRAIL). It is closely related to the low-affinity TRAIL receptor 

DR4 (21). The expression of DR5 on myocardium is elevated in patients with dilated 

cardiomyopathy (22). The close correlation between DR5 expression and MI or heart 

failure has recently been established by several studies. For example, a prospective study 

demonstrated that DR5 is one of the most powerful biomarkers in predicting long-term all-

cause mortality in patients with acute MI (AMI) (23). Similarly, proteomic profiling analysis 

revealed that DR5 is closely associated with systolic heart failure (24, 25). In addition, the 

concentration of TRAIL in the blood also correlates with the severity and outcome of MI in 
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patients (26–28). However, the roles of DR5 and TRAIL in MI or heart failure are unknown. 

We report here that the TRAIL pathway mediates ischemic and reperfusion injuries in three 

species including nonhuman primates and that blockade of TRAIL can prevent myocardial 

cell death after infarction.

RESULTS

DR5 is up-regulated in the heart during MI

To identify genes differentially regulated by ischemia and reperfusion (I/R) in the heart, 

we first examined the heart transcriptome by RNA sequencing (RNA-seq). We identified 

1757 up-regulated and 753 down-regulated genes in rat hearts after 1 hour of ischemia and 

3 hours of reperfusion (I1/R3h), as compared to the sham group. Similarly, we identified 

2849 up-regulated and 2675 down-regulated genes after I1/R24h (fig. S1, A to D). DR5 was 

found to be up-regulated in the heart after both I1/R3h and I1/R24h, which was confirmed 

by quantitative reverse transcription polymerase chain reaction (qRT-PCR; fig. S1, E and F). 

I/R-induced DR5 up-regulation was also confirmed by protein expression in the hearts of 

Wistar rats, minipigs, and rhesus monkeys (fig. S2A).

Soluble DR5-Fc reduces infarct size and improves cardiac function in rodents and rhesus 
macaques

We hypothesized that the TRAIL-DR5 signaling pathway might be involved in IRI and that 

blocking TRAIL might help ameliorate pathological conditions. To test this hypothesis, we 

first designed a soluble DR5-Fc (sDR5-Fc) chimeric protein that contains the extracellular 

domain of human DR5 and the Fc domain of human immunoglobulin G1 (IgG1). The 

sDR5-Fc fusion protein was expressed in mammalian Chinese hamster ovary K1 (CHO-K1) 

cells (Huabo Biopharm Co. Ltd.), and more than 30 g of purified endotoxin-free proteins 

was prepared for this study (fig. S2, B and C). The sDR5-Fc bound to human, monkey, and 

murine TRAIL with high affinities as determined by Biacore (fig. S2D). It blocked TRAIL-

induced apoptosis in a dose-dependent manner and specifically blocked the recognition of 

DR5 antibody for cell surface DR5 (fig. S2, E and F).

To begin to evaluate the efficacy of sDR5-Fc in vivo, we compared three doses of sDR5-Fc 

administered 30 min after left anterior descending (LAD) artery ligation to induce MI 

and IRI in rats. Treatment with 15 mg/kg resulted in the greatest reduction in infarct size 

compared to phosphate-buffered saline (PBS) control treatment (fig. S3). To determine the 

roles of TRAIL in simian AMI, myocardial ischemia was induced in adult rhesus macaques 

(Macaca mulatta) by ligating the LAD artery for 6 hours, delivering sDR5-Fc by intravenous 

injection 30 min after ligation; the vehicle PBS was used as a control. sDR5-Fc markedly 

reduced infarct size and plasma creatine kinase (CK) and lactate dehydrogenase (LDH) 

concentrations [P < 0.001 for infarction size (IS); Fig. 1, A to D]. In addition, in the I/R 

model in which ligation lasted for 1 hour followed by reperfusion for 6 hours (I1/R6h), 

sDR5-Fc showed strong protective effect against infarction and significantly reduced plasma 

CK, LDH, and cardiac troponin I (cTnI) concentrations (P < 0.001 for IS; Fig. 1, E to 

H). The protective effect of sDR5 against infarction in monkeys was also confirmed by 

single-photon emission tomography/computed tomography (Fig. 1I).

Wang et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2022 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To determine whether TRAIL blockade improved long-term heart function in monkeys, 

echocardiography was performed every 14 days from days 30 to 90 after permanent ligation 

of the LAD artery. The result demonstrated that sDR5-Fc significantly preserved the ejection 

fraction (EF) and fractional shortening (FS) index at day 60 after MI, and the protective 

effect lasted for at least 90 days (P = 0.0188 for EF and P = 0.0122 for FS; Fig. 1, J to L). 

sDR5-Fc also reduced fibrosis and prevented thinning of the ventricular wall (Fig. 1, M and 

N).

sDR5-Fc protects against MI in minipigs

The anatomical structure and organ size of pig hearts are very close to those of humans. 

We therefore tested the effect of TRAIL blockade on AMI and IRI in minipigs. We found 

that sDR5-Fc markedly reduced infarct size in both AMI (6 hours) and I1/R6h models (P < 

0.001 for both groups; Fig. 2, A and E). As expected, the plasma CK, LDH, and cTnI were 

all significantly decreased by sDR5-Fc in both AMI and I/R models (Fig. 2, B and C and 

F to H). We also observed a slight decrease of cTnI concentration in sDR5-Fc–treated AMI 

model (Fig. 2D). These results demonstrated that sDR5-Fc protected porcine heart against 

both ischemic and IRI.

TRAIL blockade or DR5 deletion alleviates MI and improves cardiac function in rats

To investigate the underlying mechanism of the therapeutic effect of sDR5-Fc in MI, we 

next turned to rodent models of AMI and I/R. We found that in the AMI (6 hours) model of 

Wistar rats, sDR5-Fc significantly reduced infarct size [P = 0.0014 for IS/area at risk (AAR) 

group; Fig. 3A]. Similarly, in both the I1/R3h and I1/R24h models, sDR5-Fc significantly 

reduced infarct size (P < 0.001 for I1/R3h IS/AAR group and P = 0.0326 for I1/R24h 

IS/AAR group; Fig. 3, B and C) and serum cTnI (I1/R3h group; Fig. 3D). The improvement 

in cardiac function by sDR5-Fc was also observed 4 weeks after LAD artery ligation by 

echocardiography, consistent with a decrease in fibrosis (Fig. 3, E to H). The protective 

effect of TRAIL blockade in rats was further confirmed by administering a blocking anti-

DR5 monoclonal antibody (mAb) 5 min before reperfusion in the I1/R24h model (fig. S4).

To determine whether specifically blocking TRAIL receptor with sDR5-Fc produced 

optimal cardioprotection, we compared several controls: PBS (vehicle control), human IgG 

(protein control), and etanercept (human TNF receptor–Fc; TNF receptor family control). 

PBS and human IgG had no detectable effect, whereas etanercept reduced infarct size in 

rats when administered 5 min before reperfusion in the I1/R24h model (Fig. 3I). When used 

in combination, sDR5-Fc and etanercept conferred the best myocardial protection (Fig. 3I). 

To directly test the roles of the TRAIL-DR5 pathway in IRI, we generated DR5 knockout 

rats using CRISPR-Cas9–mediated gene targeting (fig. S5) and challenged them with 1 hour 

ischemia and 24 hours reperfusion (I1/R24h). Compared to wild-type control rats, DR5 

knockout rats developed smaller infarcts (P < 0.001 for IS/AAR group; Fig. 3J). Thus, the 

TRAIL-DR5 pathway plays a crucial role in IHD.

The myocardial protective effect of sDR5-Fc is time-dependent

To determine the therapeutic window of sDR5-Fc administration for treating MI, we 

examined the temporal effect of sDR5-Fc on I/R in both rats and monkeys. For rats, the 
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anterior coronary artery was ligated for 3 or 4 hours followed by reperfusion for 24 hours, 

and sDR5-Fc was administered 1 hour after artery ligation. The results showed that sDR5-Fc 

could significantly reduce cardiac damage in hearts subjected to 3 hours, but not 4 hours, 

of ischemia (P < 0.001 for I3/R24h and P = 0.8922 for I4/R24h; Fig. 4A). sDR5-Fc 

administration could be delayed 1.5 hours, but not 3 hours, after artery ligation to achieve 

a significant protective effect (P = 0.013 for I1.5/R24h and P = 0.2926 for I3/R24h; Fig. 

4B). For rhesus monkeys, the anterior coronary artery was ligated for 2 or 3 hours followed 

by reperfusion for 6 hours; sDR5-Fc was administered 1 hour after ligation for duration of 

3-hour ligation or 2 hours after ligation. The results showed that sDR5-Fc could significantly 

reduce cardiac damage under both of these conditions (P < 0.001 for I3/R6h and P = 0.0037 

for I2/R6h; Fig. 4, C and D). Thus, our results indicate that sDR5-Fc could significantly 

protect heart tissue from ischemic injury if administered within 2 hours of the ischemia.

sDR5-Fc blocks TRAIL-induced cardiomyocyte death directly

Death of cardiomyocytes is an essential mechanism of pathological remodeling after MI. 

Because DR5 was up-regulated in ischemic hearts, we speculated that TRAIL might 

directly induce the death of cardiomyocytes. Compared to the control groups, using 

TUNEL (terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick 

end labeling) staining, we detected fewer apoptotic cells in the hearts of rats in the sDR5-

Fc–treated groups 3 and 24 hours after artery ligation (P = 0.0117 for I1/R3h and P < 0.001 

for I1/R24h; Fig. 5A). Similarly, we detected reduced caspase 3 and caspase 8 activation in 

sDR5-Fc–treated groups by immunohistochemistry (IHC) and immunoblotting (Fig. 5, B to 

E, and fig. S6, A to C). The mitochondria pathway of cell death could cross-talk with the 

death receptor pathway (29). Blocking TRAIL also affected expression of Bak and Bax, two 

key players of the mitochondria pathway, after cardiac ischemia (fig. S7A).

We next examined whether sDR5-Fc could directly block TRAIL-induced death of rat 

and human cardiomyocytes in culture. TRAIL-induced TUNEL signals and caspase 3/7 

activation in neonatal rat ventricular myocytes (NRVMs) were markedly reduced by sDR5-

Fc treatment after 2 hours of hypoxia and 3 hours of reoxygenation (H2/R3h; Fig. 5, F and 

G). By contrast, TRAIL showed no detectable effect on NRVMs under normoxic condition 

(fig. S7B). Similarly, sDR5-Fc eliminated hypoxia/reoxygenation (H/R)– and TRAIL-

induced death of NRVMs and adult rat ventricular myocytes (ARVMs) as determined 

by time-lapse microscopy (Fig. 5, H and I, and fig. S8). Apoptosis of human primary 

ventricular cardiomyocytes was also significantly inhibited by sDR5-Fc as determined by 

TUNEL, caspase 3/7 assays, and time-lapse microscopy (Fig. 5, J and K, and fig. S8). These 

results indicate that sDR5-Fc can reverse TRAIL-mediated cardiomyocyte apoptosis because 

of H/R injury.

The myocardial protective effect of sDR5-Fc during I/R is myeloid cell dependent

Myeloid cell–mediated inflammation plays a crucial role in I/R. Using RNA-seq, we 

detected a large number of genes up-regulated in the hearts of rats exposed to I1/R3h 

or I1/R24h as compared to sham controls (tables S1 and S2). Among the induced genes, 

inflammatory cytokines were one of the most significantly up-regulated clusters (Fig. 

6, A and B). By qRT-PCR, we confirmed the increase of many inflammatory mRNAs, 
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which include IL-1β, IL-6, TNF-α, ICAM-1, and IL-18 (Fig. 6, C to G). Myeloid cell 

infiltration is a key pathological feature of IRI. sDR5-Fc significantly reduced the infiltration 

of both neutrophils and monocytes as compared to the control group [P = 0.0071 for 

myeloperoxidase-positive (MPO+) I1/R3h group, P < 0.001 for MPO+ I1/R24h group, P = 

0.0042 for CD68+ I1/R3h group, and P < 0.001 for CD68+ I1/R24h group; Fig. 6, H and I, 

and fig. S9, A and B].

To determine the potential roles of myeloid cells in sDR5-mediated therapeutic effects on 

MI, we depleted them in rats using antineutrophil antibodies and clodronate liposomes 

(for monocytes/macrophages) before I/R. Depleting either neutrophils or monocytes/

macrophages reduced the infarct size but completely abolished the protective effect of 

sDR5-Fc (P < 0.001 for normal rabbit serum group, P = 0.9218 for anti-polymorphonuclear 

leukocytes group, P < 0.001 for PBS liposomes group, and P = 0.6684 for CL group; 

Fig. 6, J and K, and fig. S10, A to E). Next, we examined the effect of H/R and/or 

TRAIL stimulation on monocytes/macrophages. Hypoxia/reoxygenation injury induced the 

expression of IL-1β, TNF-α, IL-6, and ICAM-1 mRNA in the rat macrophage cell line 

NR8383, which was blocked by sDR5-Fc (Fig. 6, L to O). Similar effects were seen when 

isolated cardiac infiltrating myeloid cells were treated with sDR5-Fc (Fig. 6, P to S). These 

findings indicated that the protective effects of sDR5-Fc against IRI require the presence of 

myeloid cells.

sDR5-Fc blocks myeloid cell migration

Previously, we reported that TRAIL induces cytokine expression and release in macrophages 

during H/R (30). During myocardial I/R, both immune cells and nonimmune cells are the 

potential source of TRAIL (fig. S11). Using a Transwell assay, we found that TRAIL 

promoted NR8383 macrophage migration in a dose-dependent manner (Fig. 7, A and B). As 

expected, sDR5-Fc dose-dependently blocked the migration of NR8383 macrophages and 

primary rat bone marrow–derived macrophages (BMDMs; Fig. 7, C to F). Left ventricle 

heart tissue from rats subjected to I1/R24 showed increased CCL-2 expression (Fig. 7G), 

and NR8383 macrophages subjected to H/R and BMDMs treated with TRAIL similarly 

up-regulated CCL-2 (Fig. 7, H and I); treatment with sDR5-Fc reduced CCL-2 expression 

in each model. In addition, the increased expression of the CCL-2 receptor CCR2 in injured 

rat heart tissue and TRAIL-challenged NR8383 macrophages could be lowered by treatment 

with sDR5-Fc (Fig. 7, J and K). These findings suggested that TRAIL promotes myeloid cell 

migration during I/R either directly or indirectly by up-regulating chemokines and/or their 

receptors.

DISCUSSION

TRAIL, a member of the TNF superfamily, was initially thought to preferentially induce 

apoptosis of cancer cells but not noncancerous cells. However, the results of clinical 

trials for TRAIL in cancer therapy were not as impressive as initially hoped (31). In 

recent years, a growing number of studies indicate that TRAIL may play important 

roles in nonneoplastic diseases including inflammatory and cardiovascular diseases (32–

37). In addition to inducing cell death, TRAIL can also activate proinflammatory and 

Wang et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2022 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



survival pathways through NF-κB and phosphatidylinositol 3-kinase and promote cytokine 

expression and secretion (38). However, whether TRAIL plays a role in the death of 

cardiomyocytes during health or disease was previously unknown.

Although TRAIL can induce apoptosis in benign cells, cardiomyocytes may differ 

considerably from tumor cells in their sensitivity to TRAIL-induced death under hypoxic 

conditions. Whether hypoxia increases or decreases TRAIL-induced death of cancer cells 

is not completely understood. Although several reports indicate that TRAIL-induced 

tumor cell death is enhanced by hypoxia (39, 40), others observed the opposite effect 

(41–43). A close examination of these reports indicates that different cancer cells may 

differ considerably in their sensitivity to TRAIL under hypoxia, presumably depending on 

expression of B-cell CLL/lymphoma 2 (Bcl-2), X-linked inhibitor of apoptosis (XIAP), 

hypoxia inducible factor-1α (Hif-1α), caspase 8, and DR5. Thus, hypoxia may regulate 

TRAIL-induced cell death in a cancer cell–specific manner (44).

Here, we investigated the effect of TRAIL blockade on cardiac infarction using multiple 

animal models and cell culture. We found protective effect of sDR5-Fc that may relate 

to both apoptosis inhibition and reduction of inflammation. There are several types of 

immune cells that sequentially or synergistically contribute to cell damage after MI, which 

include neutrophils, monocytes/macrophages, T cells, and natural killer (NK) cells. RNA 

interference targeting of multiple cell adhesion molecules has been shown to reduce post-

MI neutrophil and monocyte recruitment into atherosclerotic lesions and decrease matrix- 

degrading plaque protease activity (45). Dectin-1, an NK receptor, was found to play an 

important role in myocardial IRI by regulating macrophage and neutrophil infiltration 

(46). Here, we found that monocytes/macrophages and granulocytes are required for the 

protective effects of sDR5-Fc. During I/R, these cells could cause myocardial injury directly 

through their TRAIL expression or indirectly through secretion of inflammatory molecules: 

Both of these processes can be blocked by sDR5-Fc. TRAIL can promote monocyte 

chemotaxis by binding DR4 (47). Anti- inflammatory therapies targeting cytokines such 

as TNF-α, IL-6, and IL-1β may help ameliorate IRI (19, 48). However, although effective 

in animals, TNF blockers showed no clinical benefit in human chronic heart failure and 

AMI trials (including the well- publicized RENAISSANCE, RECOVER, and RENEWAL 

trials) (49). Cross-species differences in genes and living conditions are major barriers for 

translating animal research to humans. For this reason, we tested the effect of the sDR5-Fc 

in three species including nonhuman primates. Because our sDR5-Fc is of human origin, its 

affinity to human and monkey TRAIL is at least 10 times higher than that to rat TRAIL, 

which may explain why it was more effective in protecting monkey hearts than rat hearts. 

It is worth mentioning that no arrhythmia or sudden death was observed after permanent 

ligation of the LAD artery up to 60 days in our monkey study. Because sDR5-Fc not only 

blocks TRAIL-induced cell death but also decreases the expression of IL-1β and IL-6, it will 

likely be more effective than strategies targeting a single inflammatory cytokine.

The cellular source of TRAIL involved in myocardial I/R is not entirely clear. Immune cells, 

which include monocytes/macrophages, neutrophils, T cells, and NK cells, are generally 

the main source of TRAIL. Cardiac-resident cells including fibroblasts and endothelial 

cells might also be a potential source of TRAIL. In addition to cell membrane–bound 
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TRAIL, soluble TRAIL, which is likely generated through matrix metalloproteinase 2 

cleavage of membrane-bound TRAIL, can be detected in blood or tissue fluid (50). Blood 

concentrations of soluble TRAIL negatively correlated with MI outcome (28). It is plausible 

that I/R-induced up-regulation of DR5 effectively reduces soluble TRAIL in circulation.

In summary, using an sDR5-Fc fusion protein that specifically blocks the TRAIL pathway, 

we demonstrated its strong cardioprotective effect in rats, pigs, and nonhuman primates. 

Blocking TRAIL simultaneously reduced cardiomyocyte death and inflammation in animal 

models and represents a potential strategy to treat MI. However, it should be emphasized 

that translating animal research into the clinic remains a challenging task. Previous animal 

studies targeting cell death or inflammatory regulators such as CD18 showed impressive 

effects in models of MI but failed to protect human patients with MI in clinical trials (13, 

51). The potential therapeutic benefit of sDR5-Fc in humans with MI will require future 

clinical trials.

MATERIALS AND METHODS

Study design

The purpose of this study was to assess the cardiac protective effect of an sDR5-Fc fusion 

protein and to elucidate its underlying mechanisms of action in three species. To better guide 

potential future clinical trials in humans, rat, pig, and monkey models of MI, including 

both ischemia and I/R, were treated with sDR5-Fc. We evaluated several regimens of 

administration (dosing and timing of treatment). Primary cardiac cells, including human 

cardiomyocytes, were used to dissect the mechanisms of TRAIL-mediated effects during 

H/R. The effect of TRAIL on myeloid cells was also studied by Transwell assays, qRT-PCR, 

and enzyme-linked immunosorbent assay (ELISA).

For in vivo work, after anesthesia, rats, pigs, and monkeys were randomized to receive 

PBS or sDR5-Fc injection. For rats, LAD ligation, sDR5-Fc treatment, and tetraphenyl 

tetrazolium chloride (TTC)–Evans blue staining were performed by laboratory technologists, 

and the infarct sizes were assessed by separate researchers blinded to the treatment 

conditions. For pigs and monkeys, cardiac procedures and sDR5-Fc treatment were 

performed by senior cardiac surgeons; cardiac functional assessments (echocardiography) 

were performed and interpreted by echocardiologists blinded to the treatment. All 

histological sections were immunostained and analyzed by separate researchers blinded 

for the treatment. Imaging studies for TTC and IHC, immunoblots, and quantitative PCR 

were repeated at least three times. For all other in vivo and in vitro studies, the numbers 

of repeats are indicated in the figure legends. The sequence of primers used in this study 

was presented in table S3. The study results were reported in accordance with the Animal 

Research: Reporting In Vivo Experiments (ARRIVE) guidelines. All animal experiments 

were conducted in adherence with the Guidelines of Welfare and Ethics for the Use of 

Laboratory Animals, China. All animal procedures were preapproved by the Animal Care 

and Use Committee of the Henan University, China.
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Animals

Male (9 to 11 kg) and female (5 to 7 kg) rhesus macaques (10 to 12 years of age) were 

purchased from Xinyu Wild Animal Breeding Co. Male and female Bama pigs (~20 kg, 2 

to 3 months of age) were purchased from Taihe Biotechnology Co. Monkeys and pigs were 

housed in individual cages and acclimatized to the laboratory condition for a period of 2 

to 4 weeks. Male Wistar rats (220 to 250 g, 7 to 8 weeks) were purchased from Beijing 

Vital River Laboratory Animal Technology Co. DR5 knockout Sprague-Dawley rats were 

generated by the Wuhan University Center for Laboratory Animals using CRISPR-Cas9–

mediated gene targeting (52). The Dr5−/− homozygote line was obtained at F2 generation, 

which expressed no DR5 mRNA or protein as determined by RT-PCR and immunoblotting, 

respectively. Rats were acclimated for 7 days before any experimental procedures. All 

animals were housed with free access to water and food with a 12-hour light/12-hour dark 

cycle at 25°C.

Production and validation of sDR5-Fc

sDR5-Fc was designed to contain the extracellular fragment of human DR5 (amino acids 

1 to 182) and the human IgG1 Fc fragment. It was expressed in CHO-K1 cells by stable 

transfection and purified from culture supernatant using Protein A affinity column (53). The 

quality of the purified protein was assessed by SDS–polyacrylamide gel electrophoresis and 

high-performance liquid chromatography (Shimadzu). Endotoxins were measured using a 

Limulus amebocyte lysate assay (Xiamen Bioendo Technology Co. Ltd.). Flow cytometry 

was performed to examine the blocking effect of sDR5-Fc on TRAIL-induced Jurkat cell 

apoptosis after staining cells with annexin V and propidium iodide (KeyGen Biotech). The 

binding activity of sDR5-Fc with human and murine TRAIL was measured by Biacore 

(X100, GE Life Sciences), with TRAIL precoated on the bottom of the chip. Association 

rates (Ka) and dissociation rates (Kd) were acquired by a simple 1:1 binding model. The 

equilibrium dissociation constants (KD) was calculated as the ratio of Kd and Ka (KD = 

Kd/Ka).

The rat MI model

For the I/R model, rats were anesthetized through intraperitoneal administration of sodium 

pentobarbital (60 mg/kg). Under artificial ventilation with a rodent ventilator, a left 

thoracotomy was performed. The proximal portion of the left coronary artery was surgically 

occluded for 60 min through ligation with a suture (size, 5–0), followed by coronary 

reperfusion through release of the tie. Coronary occlusion was confirmed through elevation 

of the ST segment on the electrocardiogram (ECG). sDR5-Fc was administrated by single 

dose through tail vein injection. After coronary reperfusion, the tie was left loose on the 

surface of the heart; the chest was closed, followed by intratracheal tube and ECG electrodes 

removal. At the respective time after coronary reperfusion, 0.5 ml of blood was obtained 

from the jugular vein for analysis. Then, an intratracheal tube was inserted, and the chest 

was reopened under artificial ventilation. The coronary artery was again briefly occluded 

through ligation of the tie that remained at the site of the previous occlusion. Immediately 

after the ligation, 2% Evans blue solution was infused into aorta to delineate the ischemic 

AAR of the left ventricle. After administration of an excessive dose of sodium pentobarbital 
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into the peritoneal cavity, the heart was excised and cross-sectioned from the apex to the 

occlusion site into five specimens of about 2 mm in thickness, followed by incubation in 

1% (0.01 g/ml) TTC in PBS at 37°C for 20 min. The heart slices were photographed with a 

digital camera to distinguish the red-stained viable tissues and the white- unstained necrotic 

tissues. Areas of infarct size were digitally measured using ImageJ software.

For AMI model, the LAD coronary artery was ligated for 6 hours before sacrifice. For the 

heart remodeling model, LAD coronary artery was ligated for 4 weeks, heart function was 

monitored by echocardiography at 2 and 4 weeks, and the fibrosis was detected by Masson’s 

trichrome staining.

The pig and monkey MI models

For AMI model, Bama pigs were fasted for 12 hours and water-deprived for 4 hours. 

After anesthesia induction by ketamine [5 mg/kg, intramuscular (im)] and midazolam 

(0.5 mg/kg, im), the pigs were fixed on the operating table, and the ear intravenous 

drip was performed. The pigs were then anesthetized intravenously with propofol (3 mg/

kg), sufentanil (1 μg/kg), and vecuronium (0.1 mg/kg), and respiration was maintained 

through endotracheal intubation by a respirator, which steadily exported isoflurane (1.0 

minimal alveolar concentration). A median sternotomy was performed to expose the heart. 

Subsequently, the pericardium was scratched, and the LAD coronary artery was ligated with 

a 5–0 nonabsorbable surgical suture. The location was 1 to 2 mm above the second diagonal 

artery. The pericardium and sternum were separately seamed with 3–0 and 0–0 surgical 

sutures. The skin incision was also closed with 3–0 sutures. Thirty minutes after the ligation, 

the pigs were randomly divided into two groups, which were administrated PBS or sDR5-Fc 

(8 mg/kg) intravenously. Lidocaine was intravenously administrated to prevent ventricular 

fibrillation.

For the pig I/R model, anesthesia and surgery were performed as described for the AMI 

model. One hour later, the LAD ligation was loosened to allow reperfusion. PBS or sDR5-

Fc was administrated via ear vein 5 min before reperfusion. For monkey AMI and I/R 

models, the anesthesia and surgical procedures were performed as described above for 

pigs, except that the thoracotomy incision was performed between the fourth and fifth ribs, 

and sDR5-Fc (6 mg/kg) was injected into the dorsal veins of the hand. Plasma CK and 

LDH concentrations were analyzed using the Catalyst DX analyzer (IDEXX) following the 

manufacturer’s instructions.

Statistical analysis

Data are presented as means ± SEM. Statistical significance was determined by the unpaired 

Student t test for two groups and one-way analysis of variance (ANOVA) for multiple 

groups using SPSS 16.0 software. Raw data are reported in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. sDR5-Fc ameliorates myocardial injury and improves ventricular remodeling in monkeys 
after AMI and I/R.
(A) Tetraphenyl tetrazolium chloride (TTC)–stained heart sections 6 hours after LAD 

ligation in rhesus macaques treated with either control PBS (Ctrl; n = 9 monkeys) or 

sDR5-Fc in PBS (n = 7 monkeys) 30 min after LAD ligation. Dead tissue is shown in white 

(outlined, arrows), whereas viable tissue is shown in red. Quantification of the infarct sizes 

as percentages of the left ventricles is shown in the right panel; each data point represents 

one monkey. Scale bar, 1 cm. (B to D) Plasma concentrations of CK (B), LDH (C), and cTnI 
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(D) of monkeys treated with PBS (control, n = 9 monkeys) or sDR5-Fc (n = 11 monkeys), 

assessed at the indicated times (B and C; analyzed by Catalyst Dx Chemistry Analyzer) 

or 6 hours after LAD ligation (D; analyzed by ELISA). Pre, pre-LAD ligation plasma. (E) 

TTC-stained heart sections after 1 hour ischemia and 6 hours reperfusion (I1/R6h) in rhesus 

macaques treated with either PBS (control, n = 7 monkeys) or sDR5-Fc in PBS (n = 7 

monkeys) 5 min before reperfusion. Quantification of the infarct sizes as percentages of the 

left ventricles is shown in the right panel. Scale bar, 1 cm. (F to H) Plasma concentrations 

of CK (F), LDH (G), and cTnI (H) of monkeys treated with PBS (control, n = 13 monkeys) 

or sDR5-Fc (n = 12 monkeys), assessed at the indicated times (F and G; analyzed by 

Catalyst Dx Chemistry Analyzer) or 6 hours after reperfusion (H; analyzed by ELISA). R, 

reperfusion. (I) Representative single-photon emission tomography/computed tomography 

cardiac images of PBS- or sDR5-Fc–treated monkey hearts 6 hours after LAD ligation. (J) 

Representative echocardiographic M-mode of PBS- or sDR5-Fc–treated monkeys 90 days 

after LAD ligation. (K and L) The left ventricle ejection fraction (LVEF) (K) and left 

ventricle fractional shortening (LVFS) (L) values of PBS- (red circles; n = 6 monkeys) or 

sDR5-Fc–treated monkeys (blue circles; n = 7 monkeys) at the indicated times, as measured 

by echocardiography. ns, not significant. (M and N) Representative images of heart sections 

(M; scale bar, 1 cm) and their Masson-stained micrographs (N; scale bar, 25 μm) of PBS- 

or sDR5-Fc–treated monkeys 90 days after LAD ligation. Quantitative data are shown as 

means ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 as determined by two-tailed t test 

(A to C, E to G, and K and L) or one-way ANOVA followed by Tukey’s post hoc test (D and 

H). Results in each group are pooled from all the monkeys used in the group.
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Fig. 2. sDR5-Fc prevents myocardial injury in pigs during AMI and I/R.
(A) TTC-stained heart sections 6 hours after LAD ligation in pigs treated with either 

PBS (Ctrl; n = 5 pigs) or sDR5-Fc (n = 6 pigs) administered 30 min after LAD ligation. 

Dead tissue is shown in white (outlined, arrows), whereas viable tissue is shown in red. 

Quantification of infarct sizes as percentages of the left ventricles is shown in the right 

panel. (B to D) Plasma concentrations of CK (B), LDH (C), and cTnI (D) at the indicated 

times (B and C; analyzed by Catalyst Dx Chemistry Analyzer) or 6 hours (D; analyzed 

by ELISA) after LAD ligation in pigs treated as described in (A). (E) TTC-stained heart 

sections after I1/R6h in pigs treated with either control PBS (n = 9 pigs, top lef) or sDR5-Fc 

in PBS (n = 13 pigs, bottom left) administered 5 min before reperfusion. Quantification of 

infarct sizes as percentages of the left ventricle is shown in the right panel. (F and H) Plasma 

concentrations of CK (F), LDH (G), and cTnI (H) at the indicated times (F and G; analyzed 

by Catalyst Dx Chemistry Analyzer) or 6 hours (H; analyzed by ELISA) after reperfusion 

in pigs treated as described in (E). Quantitative data are shown as means ± SEM. *P ≤ 0.05, 

**P ≤ 0.01, and ***P ≤ 0.001 as determined by two-tailed t test (A to C and E to G) or 

one-way ANOVA followed by Tukey’s post hoc test (D and H). Results in each group are 

pooled from all the pigs used in the group. Scale bar, 1 cm.
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Fig. 3. TRAIL blockade or DR5 gene deletion in rats prevents myocardial injury during AMI 
and I/R.
(A) TTC-Evans blue-stained heart sections 6 hours after LAD ligation in rats treated with 

either PBS (Ctrl; n = 6 rats) or sDR5-Fc in PBS (n = 6 rats) administered 30 min after 

LAD ligation. Quantification of infarct sizes as percentages of the left ventricle is show 

in the right panel. AAR, area at risk (blue); IS, infarction size (white); LV, left ventricle 

(blue, white, and red). (B) TTC-Evans blue-stained heart sections after I1/R3h in rats treated 

with either PBS (n = 9 rats) or sDR5-Fc in PBS (n = 9 rats) administered 5 min before 
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reperfusion. Quantification of infarct sizes as percentages of the left ventricle is shown in 

the right panel. (C) TTC-Evans blue-stained heart sections after I1/R24h in rats treated with 

either control PBS (n = 5 rats) or sDR5-Fc in PBS (n = 4 rats) administered 5 min before 

reperfusion. Quantification of infarct sizes as percentages of the left ventricle is shown in 

the right panel. (D) Serum cTnI concentrations in sham- (n = 5 rats), PBS- (n = 4 rats), and 

sDR5-Fc–treated rats (n = 6 rats) after I1/R3h, as determined by ELISA. (E) Representative 

echocardiography images of sham-, PBS-, and sDR5-Fc–treated rats 4 weeks after LAD 

ligation. (F and G) The EF and FS values measured by echocardiography 4 weeks after 

LAD ligation in sham- (n = 3 rats), control PBS- (n = 4 rats), and sDR5-Fc–treated rats 

(n = 4 rats). (H) Masson’s trichrome–stained heart sections 4 weeks after LAD ligation 

in PBS- and sDR5-Fc–treated rats. Boxed regions are shown at higher magnification on 

right. (I) Infarct sizes of rats after I1/R24h treated with PBS (n = 4 rats), human IgG (n 
= 5 rats), etanercept (n = 5 rats), sDR5-Fc (n = 4 rats), or etanercept + sDR5-Fc (n = 

4 rats), administered 5 min before reperfusion. (J) TTC-Evans blue-stained heart sections 

after I1/R24h in wild-type (WT; n = 10 rats) or DR5−/− rats (n = 7 rats). Quantification of 

infarct sizes as percentages of the left ventricle is shown in the right panel. Quantitative data 

are shown as means ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 as determined by 

two-tailed t test (A to C and J) or one-way ANOVA followed by Tukey’s post hoc test (D, F, 

G, and I). The experiments were repeated at least three times with similar results. Scale bars, 

0.2 cm.
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Fig. 4. Timing of therapeutic intervention with sDR5-Fc for cardiac ischemia in rats and 
monkeys.
(A) Schematic of sDR5-Fc administration 1 hour after ligation in the Wistar rat model. 

Bottom panel shows quantification of infarct sizes as percentages of IS/AAR in TTC-Evans 

blue-stained heart sections after I3/R24h and I4/R24h in rats treated with either PBS (n = 

9 in I3/R24h model and n = 10 in I4/R24h model) or sDR5-Fc in PBS (n = 11 in I3/R24h 

model and n = 7 in I4/R24h model) administered 1 hour after ligation. (B) Schematic of 

sDR5-Fc administration 1.5 or 3 hours after ligation in the Wistar rat model. Bottom panel 

shows quantification of infarct sizes as percentages of IS/AAR of TTC-Evans blue-stained 

heart sections after I1.5/R24h and I3/R24h in rats treated with either PBS (n = 5 in I1.5/

R24h model and n = 4 in I3/R24h model) or sDR5-Fc in PBS (n = 6 in I1.5/R24h model and 

n = 5 in I3/R24h model) administered 5 min before reperfusion. (C) Schematic of sDR5-Fc 

administration 1 hour after ligation in rhesus macaques. Bottom panel shows quantification 

of infarct sizes as percentages of the left ventricle of TTC-stained heart sections after 3-hour 

ischemia and 6-hour reperfusion (I3/R6h) in rhesus macaques treated with either PBS (n = 

6 monkeys) or sDR5-Fc in PBS (n = 6 monkeys) administered 1 hour after ligation. (D) 

Schematic of sDR5-Fc administration 2 hours after ligation in rhesus macaques. Bottom 

panel shows quantification of infarct sizes as percentages of the left ventricle of TTC-stained 
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heart sections after 2-hour ischemia and 6-hour reperfusion (I2/R6h) in rhesus macaques 

treated with either PBS (n = 3 monkeys) or sDR5-Fc in PBS (n = 3 monkeys) administered 5 

min before reperfusion. Each data point represents one animal. Red line represents ischemic 

time, and blue line represents reperfusion time. Quantitative data are shown as means ± 

SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 as determined by two-tailed t test. Data for 

rats are representative of three independent experiments (A and B), and data for monkeys are 

pooled from all animals used (C and D).
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Fig. 5. sDR5-Fc protects rat and human cardiomyocytes from TRAIL-induced death.
(A) Percent TUNEL+ nuclei in rat heart sections after I1/R3h or I1/R24h with or without 

sDR5-Fc treatment (n ≥ 3 mice). (B and C) Caspase 3 (B) and caspase 8 (C) expressions 

as determined by IHC of heart sections described in (A) (n ≥ 3 per group). AOD, 

average optical density. (D and E) Immunoblot micrographs (D) and quantification (E) 

of rat heart homogenates after I1/R3h or I1/R24h with or without sDR5-Fc treatment, for 

DR5, TRAIL, activated caspase 3, activated caspase 8, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). Each lane represents one rat (n ≥ 3 rats). (F) Percent apoptotic 

cells as determined by TUNEL staining in NRVM cultures treated with TRAIL or sDR5-Fc 

as indicated under the H2/R3h stress condition. n ≥ 5 cultures. (G) Caspase 3/7 activity 

as determined by Caspase-Glo3/7 assay presented as relative luminescence unit (RLU) 

in cultures described in (F). (H and I) Number of dead cells per field of NRVMs and 
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ARVMs treated with or without TRAIL or sDR5-Fc as determined by YOYO-1 dye staining 

and time-lapse microscopy with 30-min intervals. (J and K) Percent apoptotic cells as 

determined by TUNEL (J) and caspase 3/7 activity by Caspase-Glo3/7 assay (K) in human 

cardiac myocyte cultures treated with TRAIL or sDR5-Fc as indicated under the H3/R3h 

stress condition (n ≥ 3 cultures). Data are shown as means ± SEM. Statistical significance 

was determined by two-tailed t test (A to C) or one-way ANOVA followed by Tukey’s post 

hoc test (E to G and J to K). *P < 0.05, **P < 0.01, #P < 0.05, and ##P < 0.01 versus TRAIL 

group (100 ng/ml); ϚP < 0.05 and ϚϚP < 0.01 versus TRAIL group (200 ng/ml).
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Fig. 6. The effect of sDR5-Fc on cardiac I/R is dependent on myeloid cells.
(A and B) Heat map of RNA-seq data of rat heart tissue from sham or ischemic animals. 

Each column represents three rats. (C to G) mRNA expression of IL-18, IL-1β, TNF-α, 

IL-6, and ICAM-1 in the myocardium of sham or ischemic rats as detected by quantitative 

PCR. (H and I) Numbers of MPO+ (H) and CD68+ (I) cells per mm2 of rat heart sections 

after the indicated treatments as determined by IHC (n ≥ 3 rats). (J) Infarct size as a 

percentage of the left ventricle in rats pretreated with a neutrophil-depleting antibody or 

normal rabbit serum (NRS) followed by I1/R24h with or without sDR5-Fc injection (5 min 
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before reperfusion; n ≥ 4 rats). (K) Infarct size as a percentage of the left ventricle in rats 

pretreated with macrophage- depleting clodronate liposomes (CL) or control liposomes (PL) 

followed by I1/R24h with or without sDR5-Fc injection (5 min before reperfusion; n ≥ 4 

rats). (L to O) mRNA expression of proinflammatory molecules in rat macrophage cell line 

NR8383 after hypoxia for 1 hour followed by reoxygenation for 3 hours, with or without 

sDR5-Fc during both hypoxia and reoxygenation, as determined by real-time PCR (n = 

3) cultures. (P to S) mRNA expression of proinflammatory molecules in isolated cardiac 

infiltrating myeloid cells of rats after I1/R24h with or without sDR5-Fc administration (5 

min before reperfusion), as determined by real-time PCR (n = 3 mice). Data are shown as 

means ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 as determined by two-tailed t test 

(I to K) or one-way ANOVA followed by Tukey’s post hoc test (C to H and L to S). The 

experiments were repeated at least three times with similar results.
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Fig. 7. TRAIL is a chemoattractant for myeloid cells.
(A and B) Representative images of migrating NR8383 cells in response to the indicated 

concentrations of TRAIL in a Transwell assay (A) and the quantification of the results 

(B). Scale bar, 100 μm. (C and D) Representative images of migrating NR8383 cells in 

the presence of the indicated concentrations of TRAIL or sDR5-Fc in a Transwell assay 

(C) and the quantification of the results (D). Scale bar, 50 μm. (E and F) Representative 

images of migrating rat BMDMs in the presence of the indicated concentrations of TRAIL 

or sDR5-Fc in a Transwell assay (E) and the quantification of the results (F). Scale bar, 

100 μm. (G and H) The expression of CCL2 mRNA in the left ventricles of rat hearts after 

I1/R24h (G; sDR5-Fc was administered 5 min before reperfusion) and in NR8383 cells 

treated with hypoxia/reoxygenation (H/R) and/or sDR5-Fc (H; sDR5-Fc was present during 

both hypoxia and reoxygenation). (I) The concentrations of CCL2 protein in the supernatant 

of BMDMs treated with TRAIL and/or sDR5-Fc as determined by ELISA. (J and K) The 

expressions of CCR2 mRNA in the left ventricles of rat hearts after I1/R24h (J; sDR5-Fc 
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was administered 5 min before reperfusion) and in NR8383 cells (K; sDR5-Fc was present 

during both hypoxia and reoxygenation) treated with TRAIL and/or sDR5-Fc. Data are 

shown as means ± SEM.*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001 as determined by one-way 

ANOVA followed by Tukey’s post hoc test. The experiments were repeated at least three 

times with similar results.
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