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Targeted anti–IL-1 platelet microparticles for cardiac 
detoxing and repair
Zhenhua Li1,2*, Shiqi Hu1,2*, Ke Huang1, Teng Su1,2, Jhon Cores1,2, Ke Cheng1,2†

An acute myocardial infarction (AMI) induces a sterile inflammatory response that facilitates further heart injury 
and promotes adverse cardiac remodeling. Interleukin-1 (IL-1) plays a central role in the sterile inflammatory 
response that results from AMI. Thus, IL-1 blockage is a promising strategy for treatment of AMI. However, 
conventional IL-1 blockers lack targeting specificity. This increases the risk of serious side effects. To address this 
problem herein, we fabricated platelet microparticles (PMs) armed with anti–IL-1 antibodies to neutralize IL-1 
after AMI and to prevent adverse cardiac remodeling. Our results indicate that the infarct-targeting PMs could 
bind to the injured heart, increasing the number of anti–IL-1 antibodies therein. The anti–IL-1 platelet PMs 
(IL1-PMs) protect the cardiomyocytes from apoptosis by neutralizing IL-1 and decreasing IL-1–driven caspase-3 
activity. Our findings indicate that IL1-PM is a promising cardiac detoxification agent that removes cytotoxic IL-1 
during AMI and induces therapeutic cardiac repair.

INTRODUCTION
Acute myocardial infarctions (AMIs), principally caused by the occlu-
sion of a coronary artery, are a major cause of death and disability 
worldwide (1). MIs induce the reduction of blood flow to heart 
muscles and result in myocardial necrosis (2, 3). The myocardial 
necrosis triggers a sterile inflammatory response that contributes to 
adverse left ventricular (LV) remodeling and heart failure (4–6). 
Therefore, inhibition of the inflammatory response might serve as a 
potent strategy for the prevention of adverse cardiac remodeling 
and eventual heart failure.

During the course of an immune response, inflammasomes closely 
regulate the activation of caspase-1, an enzyme that is primarily 
responsible for processing and activating powerful proinflammatory 
cytokines, such as interleukin-1 (IL-1) and IL-18 (7). Among 
these proinflammatory cytokines, IL-1 plays a central role in the 
sterile inflammatory response resulting from MI by promoting the 
synthesis of other proinflammatory cytokines, activating profibrotic 
pathways, and promoting cardiomyocyte apoptosis (8). The interest 
in IL-1 as a therapeutic target has led to the development of several 
IL-1 blockers that interrupt IL-1 signaling. These blockers include 
IL-1 receptor antagonists, anti–IL-1–neutralizing antibodies, and 
decoy receptors (9). However, none of the IL-1 blockers have been 
approved for clinical application in patients with MI at the present 
time. That includes Canakinumab (Ilaris), an IL-1 antibody that 
entered the clinical stage [Anti-Inflammatory Thrombosis Outcomes 
Study (CANTOS)] in 2017 (10, 11). One major reason for the lack 
of successful clinical candidates is the risky safety profile of IL-1 
blockers. The application of IL-1 blockers may increase the risk of 
fatal infections due to their lack of targeting capacity, which blunts 
the body’s local and systemic inflammatory response to infection 
(12, 13). To overcome these limitations, we introduce a targeting 
group to IL-1 blockers to enhance their accumulation in the site 

of disease, to reduce the risk of side effects, and to improve ther-
apeutic efficiency.

In our previous studies, we demonstrated that it is possible to 
take advantage of the natural infarct-homing abilities of platelet 
membranes by using them to decorate stem cells and particles for 
the targeted repair of injured hearts (14–18). Inspired by these find-
ings, in this study, we develop a platelet-mimicking system that uses 
anti–IL-1–neutralizing antibodies. This system functions as an IL-1 
decoy that reduces the local inflammatory response in the injured 
heart (Fig. 1) in a targeted way. To capture the IL-1, a potent 
monoclonal antibody, Gevokizumab, was used. Gevokizumab (also 
called XOMA 052 and developed by XOMA Corporation) is an anti- 
inflammatory agent that has been used in clinical trials to treat acne 
vulgaris, osteoarthritis, Bechet’s uveitis, pyoderma gangrenosum, 
and Bechet’s disease (19–21). It was first modified for the binding of 
platelets using 1,2-distearoyl-sn-glycero-3-phosphoethanolamine–
poly(ethylene glycol) (DSPE-PEG) derivatives. Taking advantage of 
the infarct-homing ability of platelets, the IL-1 decoy would be trans-
ported via the circulation to the MI area, where it would neutralize 
IL-1 and, thus, prevent adverse cardiac remodeling and eventual 
heart failure. We anticipate that this study will create new possi-
bilities for the successful implementation of IL-1 blocker therapy 
in MI therapy.

RESULTS
Fabrication of anti–IL-1 platelet microparticles
To create the platelet-Gevokizumab linkage, we bound N- 
hydroxysuccinimide (NHS)-terminated DSPE-PEG polymers to 
the platelet membranes. The Gevokizumab antibodies were then 
covalently bound to the NHS ends. We used SDS–polyacrylamide gel 
electrophoresis (PAGE) to demonstrate the binding of Gevokizumab 
to the DSPE-PEG polymers (fig. S1). We detected both conjugated 
and nonconjugated antibodies. The higher molecular weight of the 
conjugated antibodies made them run down the SDS-PAGE gel at a 
slower pace than the nonconjugated antibodies. Once the coupling of 
DSPE-PEG and Gevokizumab was confirmed, we built Gevokizumab- 
decorated platelets by mixing the coupled DSPE-PEG–Gevokizumab 
with platelets to form anti–IL-1 platelet microparticles (IL1-PMs). 
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Inactivated murine platelets were isolated as previously described 
(14–16). To prove the successful conjugation of Gevokizumab with 
platelets, we first used gold nanoparticle–labeled secondary antibodies 
to detect the Gevokizumab decorating on platelet surface. IL1-PMs 
were incubated with anti-CD42b antibodies (species: rabbit) overnight. 
Then, gold nanoparticle–labeled goat anti-mouse immunoglobulin 
G (IgG) antibodies (20 nm) and goat anti-rabbit IgG antibodies (20 nm) 
were used to bind anti–IL-1 and anti-CD42b primary antibodies, 
respectively. As shown in transmission electron microscope (TEM) 
images (fig. S2), both 20- and 10-nm gold nanoparticles were detected 
on the surface of platelets. The presence of 20-nm gold nanoparticles 
indicated that anti–IL-1 antibodies were conjugated onto platelets, 
while the introduction of 10-nm gold nanoparticles confirmed that 
the microparticles were actually derived from platelets (CD42b as a 
common platelet maker). Furthermore, scanning TEM and energy- 
dispersive x-ray mapping results confirmed that the attached 
nano particles were gold nanoparticles. In addition, we also used 
fluorescence-labeled secondary antibodies to detect Gevokizumab. 
Fluorescence microscopy and flow cytometry results showed that 
most of the platelets were modified by Gevokizumab with high arming 
efficiency (fig. S3). Then, we studied the hydrodynamic radius and zeta 
potential of the platelets before and after Gevokizumab decoration. The 
dynamic light scattering results showed a slight increase in particle 
size after Gevokizumab conjugation. We detected a number of much 
smaller particles that were mainly attributed to that part of platelets 
decomposed as the insertion of DSPE-PEG–Gevokizumab (fig. S4A). 
In contrast, there was no notable change in the zeta potential (fig. 
S4B). We also measured the binding ratio of Gevokizumab to platelets. 
Enzyme-linked immunosorbent assays (ELISAs) revealed that about 
20 g of Gevokizumab antibodies was conjugated to 108 platelets 
(roughly 8.3 × 105 antibodies per platelet) (fig. S4C). Despite the 
decoration of the platelet surface, expressions of platelet surface 
markers CD41, Glycoprotein VI (GPVI), and CD42b were not changed 
before and after antibody modification (fig. S5), which confirmed 

the preservation of the integrity of the platelet membranes. Overall, 
linking anti–IL-1 antibodies to platelets had a slight effect on the 
platelets. To examine whether the IL1-PMs could capture IL-1, we 
incubated different concentrations of fluorescence-labeled IL-1 
with IL1-PMs. As shown in fig. S4D, the maximum detoxification rate 
that reduced the amount of IL-1 reached up to 28%.

Activity and binding ability of IL1-PM
Activated platelets tend to slowly degranulate and secrete their 
cytosolic and granule contents. In addition, such platelets, when 
introduced in vivo, are rapidly cleared by macrophagic and reticulo-
endothelial activity (22). To see whether the platelets would be activated 
in the process of isolation and modification, we carried out platelet 
aggregometry, and the results confirmed the inactivation of platelets 
after modification (fig. S6A). In addition, we also detected the expres-
sion of P-selectin (a maker of platelet activation) using flow cytometry, 
and the result was consistent with the results from platelet aggregometry 
(fig. S6B). The first contact between circulating platelets and the vessel 
wall lesion (platelet tethering) was established by an interaction of 
the platelet receptor for von Willebrand factor (vWF) (GPIb-V-IX) 
with collagen-immobilized vWF (23). Direct GPVI-collagen inter-
action is important for initial platelet tethering and subsequent stable 
platelet adhesion and aggregation at sites of arterial injury. We have 
confirmed that IL1-PM preserved the CD42b (GPIb) and inactivated 
platelets should have the capacity of binding to the injured vessel 
as long as the binding molecules are present at the surface. Using 
coculture experiment, we confirmed that inactivated IL1-PM has 
the capacity to bind to denoted aorta (fig. S6, C to E).

Infarct-homing ability of IL1-PMs
Next, we studied the infarct-homing ability of IL1-PMs in C57BL/6 mice. 
The mouse MI model was first constructed through left anterior 
descending coronary (LAD) ligation, which has been widely used by 
our group (24, 25). The detection of IL1-PM migration was performed 

Fig. 1. Schematic diagram. Schematic illustrating the role of Gevokizumab-armed platelet microparticles as cardiac detoxification and repair agents.
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in vivo using a live imager. The mice were injected either with the 
Gevokizumab antibodies conjugated to the DSPE-PEG–NHS polymers 
or with IL1-PMs. In both cases, the antibody ends were bound to Cy5.5 
amine-reactive NHS esters for signal detection. We intravenously 
injected IL1-PM@Cy5.5 and antibody@Cy5.5 in the mice, with or 
without MI. Animals were imaged at indicated time intervals to 
determine the infarct-homing ability of the injected agents. As shown 
in Fig. 2A, 8 hours after the injection of IL1-PM@Cy5.5, we observed 
a sustained fluorescence signal in the injured heart. The signal 
intensity grew from the 8- to the 72-hour time point. In contrast, no 
obvious fluorescence was observed in the non-MI heart, indicating 
the infarct signal–driven migration of platelets to the heart area. In 
addition, the antibodies alone did not accumulate in the injured 

heart, which further confirmed the infarct-targeting ability of the 
platelet vehicle. We then imaged and analyzed the ex vivo tissue 
biodistribution (Fig. 2B). The infarcted hearts treated with IL1-
PM@Cy5.5 showed stronger fluorescent signals than the IL1-PM@
Cy5.5-treated non-MI hearts, the hearts treated with antibody@
Cy5.5, and the other organs analyzed. In addition, most of non–
platelet-conjugated antibodies (antibody@Cy5.5) accumulated in the 
kidneys by the study end point. The quantitative region-of-interest 
analysis revealed that the IL1-PM@Cy5.5–treated infarcted hearts 
showed eightfold higher fluorescence intensity than normal, non-
infarcted hearts (Fig. 2C). In addition, the circulation lifetime of 
IL1-PMs and naïve platelets in normal mice was studied. As shown in 
fig. S7, the concentrations of both platelets and IL1-PMs decreased 

Fig. 2. Biodistribution of IL1-PMs in mice with acute MI. (A) In vivo fluorescent imaging of MI mice or sham mice at various time intervals after intravenous injection of 
IL1-PM@Cy5.5 or antibody@Cy5.5. (B) Ex vivo fluorescent imaging of the major organs excised from the treated animals. (C) Quantitative analysis of fluorescent intensity 
in the organs. Antibody, Gevokizumab; IL1-PM, Gevokizumab-armed platelet microparticles. **P < 0.01 indicates that the IL1-PM@Cy5.5–treated MI group is significantly 
different from the other groups.
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with time. However, there is no significant difference between those 
two groups, indicating that DSPE-PEG–antibody modification has 
slight effects on circulation lifetime. Furthermore, all animals were 
subject to autopsy analysis upon euthanasia for signs of tumor 
growth in major organs, and those tests have returned with no 
abnormal findings (fig. S8A).

Anti-inflammatory outcomes of IL1-PM treatment
We next evaluated the in vivo anti-inflammatory ability of intra-
venously administered IL1-PM. To do this, we analyzed the levels of 
inflammatory cytokines present in the blood and the hearts of mice 
3 days after treatment using a cytokine array. We compared four 
different treatment groups: phosphate-buffered saline (PBS), plate-
lets, anti–IL-1 antibodies alone (antibody), and IL1-PM. As shown 
in Fig. 3A, after correcting for background intensity and normal-
izing to the membrane’s positive control, five cytokines/proteins were 
found significantly changed in mouse blood after Gevokizumab and 
IL1-PM treatment, including IL-1, CXCL1, granulocyte colony- 
stimulating factor, IL-5, and IL-4. Compared to the antibody group, 
the IL1-PM group significantly reduced the level of IL-1, indicating 
the high affinity of the IL1-PMs to the IL-1 (Fig. 3B). Furthermore, 
we detected the level of IL-1 in treated heart tissues using ELISA. 
The results mirrored those of the blood detection results (Fig. 3C), 
and the neutralizing effects reached a plateau at 20 mg/kg and 
further increase in dose had no significant benefits (fig. S8, B and 
C). To that end, we used the dose of 20 mg/kg in our study. Since 
IL-1 production leads to increased levels of IL-6, we also assessed 
whether the neutralization of IL-1 reduced the levels of IL-6. As 
indicated by the cytokine array summarized in Fig. 3B, there was 
no significant difference in IL-6 expression levels among any of 
the treatment groups. To further verify this, we tested for IL-6 ex-
pression using an ELISA, which has a higher level of sensitivity 
than the cytokine array. The results were consistent with those of the 

cytokine array. Both the antibody and the IL1-PM treatments had a 
negligible effect on the IL-6 levels (fig. S8D). One possible reason for 
the lack of dampening of IL-6 levels is the complexity of the inflam-
matory response, in which many cytokines are involved, including 
IL-1, IL-18, and tumor necrosis factor–. Thus, blocking just one 
cytokine may not be enough to block the inflammatory cascade.

We further evaluated the anti-inflammatory effects of IL1-PM–
mediated IL-1 neutralization by quantifying the level of leukocyte 
infiltration in the injured heart. To do so, we looked at CD45, one 
of the most abundant leukocyte cell surface glycoproteins (26). We 
found no obvious difference in the levels of CD45 expression in 
heart tissue between these four treatment groups (Fig. 4A). That 
may be because IL-1 may not be a key chemotaxis for leukocytes 
infiltrating during AMI in mice.

The next protein analyzed was caspase-1 since it is a key modulator 
of the inflammatory response to tissue injury, in addition to process-
ing pro–IL-1 to its active, mature form and inducing cardiac cell 
apoptosis. Caspase-1 activity was measured using two techniques: 
Western blot and cleavage of a fluorogenic substrate. Both techniques 
indicated that neutralizing IL-1 had no effect on caspase-1 activity 
(Fig. 4, B and C). Furthermore, we tested for the inhibition of in-
flammasome in the injured hearts as a result of the IL-1 neutraliza-
tion. Heart sections were immunoassayed for apoptosis-associated 
speck-like protein containing a caspase recruitment domain (ASC). 
However, no detectable differences were found in ASC expression 
between the four treatment groups, a result that was in accord with 
that of caspase-1 activity and CD45 expression (Fig. 4, D and E). To 
further test the effects of IL-1 blockade on inflammatory response, 
we looked for the infiltration of macrophages and T cells in the 
infarct area. As shown in fig. S9, neither macrophage (F4/80+) nor 
T cell (CD3+) infiltrations were inhibited after neutralizing IL-1 in 
mice via IL1-PMs or treating them with just antibodies, which was 
consistent with the results for CD45 infiltration. Together, these results 

Fig. 3. Effects of IL1-PM treatment on inflammatory cytokines. (A) Cytokine array analysis of the systemic inflammatory cytokine level changes after 72 hours of 
treatment. (B) Quantitative summary of cytokine array analysis in (A). (C) Quantitative summary of the concentrations of IL-1 in the heart as detected by ELISA 
(n = 5). P, platelets; G-CSF, granulocyte colony-stimulating factor; ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001.
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confirmed that IL-1 blockage had no significant effect on the for-
mation of active inflammasomes or on the systemic inflammatory 
response. We found that neutralizing IL-1 did not change the level 
of caspase-1 activity as well, indicating that the attenuation of cardiac 
remodeling was independent of caspase-1 activity. The lack of cor-
relation can be attributed to the fact that caspase-1 acts upstream of 
the IL-1 in the inflammatory pathway and it appears that neutraliz-
ing downstream IL-1 had no feedback effect on the caspase-1. These 
results prompted us to investigate the effects of IL-1 blockage on 
downstream enzymes instead.

IL1-PMs inhibit cardiomyocyte apoptosis
Caspase-3 is an effector of apoptosis that is located downstream of 
IL-1 and is activated by it (27, 28). To evaluate the detoxification 

efficiency of IL1-PMs, we measured the caspase-3 activity in the 
heart tissue, as a result of each of the four treatments, using Western 
blot and caspase-3 fluorometric assays. Figure 5A indicates that the 
level of cleaved caspase-3 (activated caspase-3) is reduced in the 
heart after antibody and IL1-PM treatment compared to the PBS 
and nonconjugated platelet controls. Furthermore, the IL1-PM 
treatment is a more effective inhibitor than the antibody treatment 
(Fig. 5B). In addition to caspase-3, we also detected the IL1-PM–
driven inhibition of apoptosis using a terminal deoxynucleotidyl 
transferase– mediated deoxyuridine triphosphate nick end labeling 
(TUNEL) staining assay (Fig. 5, C and D). As expected, the IL1-PM 
treatment had the highest impact on the apoptosis of cardiomyocytes 
when compared with the other treatment groups, including anti-
body treatment alone, a result that was consistent with the results of 

Fig. 4. Anti-inflammatory ability of IL1-PMs in heart tissue. Western blot results for CD45 (A) and cleaved caspase-1 (B) presence in the plasma 72 hours after surgery 
(n = 3). (C) Histogram summarizing caspase-1 (YVAD-AMC cleavage) activity normalized to the PBS group (n = 5). (D) Quantification of the number of ASC (apoptosis- 
associated speck-like protein containing a caspase recruitment domain)–positive inflammasomes. (E) Representative image of the formation of ASC-containing inflammasomes 
72 hours after MI. HPF, high-power field; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SA, sarcomeric actin; DAPI, 4′,6-diamidino-2-phenylindole. Scale bar, 20 m.
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caspase-3 inhibition. From these data, it is reasonable to conclude 
that the IL-1–neutralizing ability of IL1-PM reduces caspase-3 activity, 
which then more efficiently inhibits cardiomyocyte apoptosis.

IL1-PMs attenuate cardiac remodeling
After having demonstrated the capacity of IL1-PM to neutralize IL-1 
and protect cardiomyocytes, we then measured its effects on cardiac 
remodeling. We first investigated changes in heart morphometry using 
Masson’s trichrome staining and found reduced collagen accumu-
lation in the scarred segment of the myocardium (Fig. 6A). After 
quantification, we found that IL1-PM treatment was the most success-
ful at protecting the heart and yielded more viable myocardium, with 
the smallest scar size, when compared to the antibody-treated group 
or the controls (Fig. 6, B and C). The attenuation of cardiac remodel-
ing was reflected by a decrease in LV end-diastolic volume (LVEDV) 
and LV end-systolic volume (LVESV), accompanied by an increase 
in LV ejection fraction (LVEF) and LV fractional shortening (LVFS) 
as determined by transthoracic echocardiography (Fig. 6, D to G). 
These results confirmed that the neutralization of IL-1 led to 
caspase-3 inhibition, reducing adverse cardiac remodeling after an 
AMI. Moreover, although some benefits were noted from antibody 
therapy alone, the introduction of infarct-homing platelets improved 
the anti-inflammatory efficacy of the therapy.

DISCUSSION
Cardiovascular disease remains as the primary killer in Western 
societies. Stem cell transplantation provides a promising method for 

cardiac regeneration, but current therapies are limited by inefficient 
interaction between potentially beneficial cells and the injured tissue 
that is highly inflammatory. Ideal approaches are required to not 
only bring more “seeds” (therapeutic cells) to their targets but also 
improve the “soil,” the inflammatory post-MI heart. IL-1 plays a key 
role in triggering the inflammatory cascade in the infarcted myocardium. 
Thus, in this work, we developed an anti–IL-1 antibody- platelet 
conjugate that serves as a cardiac detoxification and anti- inflammatory 
therapeutic for the treatment of AMI. Platelet microparticles were 
chosen as the antibody carriers because of their innate ability to find 
cardiac injury. Circulating platelets can bind to vessel lesion through 
the interaction of GPIb (CD42b) with vWF, which subsequently 
induces platelet activation in the infarct area. Later on, GPIIb/IIIa 
activation and P-selectin expression further trigger platelet aggrega-
tion. Ziegler et al. (29) developed scFvanti-GPIIb/IIIa functionalized 
positron emission tomography (PET) tracer for the detection of 
minimal cardiac ischemia through imaging of activated platelets 
in the infarct area. Furthermore, they also synthesized bispecific 
antibodies to deliver both anti-inflammatory molecular (30) and 
peripheral blood mononuclear cells for the treatment of MI (31). 
These studies provided the foundation that platelets were both 
promising targets and carriers in the treatment of heart injury (32). 
Our findings indicate that neutralizing IL-1 protects cardiomyo-
cytes from apoptosis by attenuating caspase-3 activity downstream 
of IL-1 production and inhibiting the development of ventricular 
dilation after an AMI. Supported by our results, we believe that 
IL-1 is a potential therapeutic target for the patients with AMI and 
that the conjugation of platelets with inflammation-neutralizing 

Fig. 5. IL1-PM treatment reduces cardiac apoptosis. (A) Expression of apoptosis-associated protein (caspase-3) analyzed by Western blot 72 hours after treatment. 
(B) Caspase-3 activity was evaluated using a fluorometric assay kit (n = 5). (C) TUNEL staining for cardiomyocyte apoptosis in the infarcted heart 3 days after MI. Scale bar, 
20 m. (D) Quantification of cardiomyocyte apoptosis. ***P < 0.001.
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Fig. 6. IL1-PM treatment attenuates cardiac remodeling. (A) Representative Masson’s trichrome staining of myocardial sections 70 days after treatment. Quantitative 
analyses of (B) viable myocardium and (C) scar size from the Masson’s trichrome images. IL1-PM groups versus other three groups. (D) LVEDV and (E) LVESV measured by 
echocardiography 4 hours, 28 days, and 70 days after treatment (n = 5). (F) LVEFs and (G) LVFSs measured by echocardiogram at baseline (4 hours after MI), 28 days, and 
70 days after treatment (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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antibodies provides a promising strategy for the treatment of 
cardiac injury.

Additional studies need to be done before this work can be 
translated. First, since activated platelets would induce aggregation, 
we need to keep the isolated platelets inactivated before application. 
Second, in the past decades, researchers have developed therapeutics 
that target various inflammatory pathways, such as pexelizumab for 
targeted cleavage of the C5 component, anti–P-selectin monoclonal 
antibody to inhibit P-selection (33), and Canakinumab to block IL-1. 
However, most of these anti-inflammatory strategies failed in clinical 
trials. Possible reasons for the failure are off-target effects and the 
inappropriate timing of administration. Third, in this work, anti-
bodies were inserted into platelets using DSPE-PEG linkers with high 
grafting efficiency as indicated by our data. Nonetheless, future 
effort needs to be taken on improvement of the purity of platelets 
and lipid-modified antibodies to maintain an acceptable loading 
efficiency batch to batch. In addition, it is worth mentioning that 
our targeting strategy is based on the platelet platform, which is a 
biologic with high instability and contamination risk. Nonetheless, 
blood or platelet transfusion is common in current medical practice; 
therefore, the risk of using platelet derivatives can be managed. It 
will be beneficial to further fine-tune our system by developing a 
targeting strategy that does not rely on the use of live platelets, such 
as the use of defined platelet binding molecules for targeting. Fourth, 
owing to the semiquantitative nature of in vivo imaging system (IVIS), 
future pharma cokinetic studies should use more quantitative methods 
such as PET to determine the actual numbers of IL1-PMs in various 
organs. In addition, in the clinic, most of the patients with acute MI 
will receive percutaneous coronary intervention and then receive 
some other treatments. Thus, a LAD ligation model is not perfect to 
mimic the clinical status of the patients, while an ischemia/reperfusion 
(I/R) model may be more appropriate for the study of MI. Thus, in 
the future, an I/R model in both small and larger animal should be 
used for the study of MI.

MATERIALS AND METHODS
Gevokizumab-conjugated platelet microparticles (IL1-PMs)
DSPE can bind with the membranes of cells, liposomes, and platelets. 
The surface of the platelets was functionalized with anti–IL-1 anti-
bodies. The inactivated platelets were isolated according to our pre-
vious studies (14–16). Then, 108 platelets were dispersed in 0.5 ml of 
PBS buffer with 1 × 10−3 M EDTA and 2 × 10−6 M prostaglandin 
E1 (PGE1), and then, DSPE-PEG–Gevokizumab was added at differ-
ent concentrations. The mixture was stirred for 3 hours. Unconju-
gated DSPE-PEG–Gevokizumab was removed by centrifugation at 
800g for 10 min. The IL1-PMs were then washed twice with PBS 
using centrifugation at 800g for 10 min.

Quantification of antibodies on platelets
The IL1-PM were resuspended in 100 l of deionized water and 
ultrasonicated to lyse the platelets and release the DSPE-PEG–
Gevokizumab. The quantity of antibodies conjugated to the platelets 
was measured using ELISA. The numbers of antibodies per platelet 
were calculated using the equation

   N(antibody ) =   m  antibody   _ Mw   * NA ⁄ Number of platelets
   

Determining antibody arming efficiency on platelets
IL1-PMs were first incubated with anti-CD42b antibodies (species: 
rabbit) overnight. Then, gold nanoparticle–labeled goat anti-mouse 
IgG antibodies (20 nm) and goat anti-rabbit IgG antibodies (20 nm) 
were used to bind anti–IL-1 and anti-CD42b primary antibodies, 
respectively. In addition, fluorescein isothiocyanate–labeled goat 
anti-mouse IgG antibodies were also used to confirm the presence 
of anti–IL-1 on the surface of platelets. The free IgG antibodies were 
removed through centrifugation (10 min at 800g). The prepared 
samples were examined using TEM and fluorescence microscopy.

Studies on platelet activation
The expression of P-selectin was determined using flow cytometry. 
Freshly prepared platelets were activated with collagen as a positive 
control. Then, positive control and IL1-PM samples were incubated 
with phycoerythrin-labeled anti–P-selectin (12–0626-80, Thermo Fisher 
Scientific) overnight. Samples were washed three times with PBS.

Mouse model of MI
All animal work was compliant with the Institutional Animal Care 
and Use Committee of North Carolina State University. A MI model 
was constructed according to our previous work. (14–17)

Infarct-homing ability and biodistribution of IL1-PM
IL1-PM@Cy5.5 or antibody@Cy5.5 was intravenously injected into 
MI mice or normal (non-MI) mice (n = 3) at a dose of 2 mg of anti-
bodies per kilogram of body weight. Animals were imaged after various 
time intervals for biodistribution analysis. Circulation lifetime 
of IL1-PM and platelets in normal mice was studied. A total of 
108 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 
4-chlorobenzenesulfonate salt (DiD)–labeled IL1-PMs or platelets 
were intravenously injected into normal mice. At various time points, 
blood was drawn and measured for fluorescence intensity at 670 nm 
for evaluation of circulation lifetime of the agents.

Cytokine array analysis of systemic inflammatory cytokines
Plasma levels of cytokines were measured 3 days after treatment using 
a RayBiotech Inc. Supplier Diversity Partner MOUSE CYTOKINE 
ARRAY C3 (4), according to the manufacturer’s instructions. In 
addition, the plasma levels of IL-6 were tested using an ELISA kit.

Statistical analysis
All experiments were performed independently at least three times. 
Results are shown as means ± SD. Comparisons between any two 
groups were performed using the two-tailed, unpaired Student’s t test. 
Comparisons among more than two groups were performed using 
one-way analysis of variance (ANOVA), followed by the post hoc 
Bonferroni test. Single, double, and triple asterisks represent P < 0.05, 
0.01, and 0.001, respectively; P < 0.05 was considered statistically 
significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/6/eaay0589/DC1
Supplementary Materials and Methods
Fig. S1. Gevokizumab modification.
Fig. S2. TEM characterization of IL1-PM.
Fig. S3. Arming of Gevokizumab onto platelets.
Fig. S4. Confirming antibody conjugation and detoxification rate.
Fig. S5. Platelet markers on IL1-PM.

http://advances.sciencemag.org/cgi/content/full/6/6/eaay0589/DC1
http://advances.sciencemag.org/cgi/content/full/6/6/eaay0589/DC1
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Fig. S6. Inactivated platelet microparticles can bind to damaged vasculatures.
Fig. S7. Circulation lifetime of IL1-PM in normal mice.
Fig. S8. Toxicity of IL1-PM treatment and quantification of IL-1 and IL-6 concentrations in the heart.
Fig. S9. Inflammatory response after treatments.

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
 1. F. D. Kolodgie, R. Virmani, A. V. Finn, M. E. Romero, Embolic myocardial infarction 

as a consequence of atrial fibrillation. Circulation 132, 223–226 (2015).
 2. Z. Li, S. Hu, K. Cheng, Chemical engineering of cell therapy for heart diseases. Acc. Chem. Res. 

52, 1687–1696 (2019).
 3. J. Tang, J. Wang, K. Huang, Y. Ye, T. Su, L. Qiao, M. T. Hensley, T. G. Caranasos, J. Zhang, 

Z. Gu, K. Cheng, Cardiac cell–integrated microneedle patch for treating myocardial 
infarction. Sci. Adv. 4, eaat9365 (2018).

 4. F. K. Swirski, M. Nahrendorf, Cardioimmunology: The immune system in cardiac 
homeostasis and disease. Nat. Rev. Immunol. 18, 733–744 (2018).

 5. E. Mezzaroma, S. Toldo, D. Farkas, I. M. Seropian, B. W. Van Tassell, F. N. Salloum, 
H. R. Kannan, A. C. Menna, N. F. Voelkel, A. Abbate, The inflammasome promotes adverse 
cardiac remodeling following acute myocardial infarction in the mouse. Proc. Natl. Acad. Sci. U.S.A. 
108, 19725–19730 (2011).

 6. T. Anzai, Inflammatory mechanisms of cardiovascular remodeling. Circulation 82, 
629–635 (2018).

 7. N. J. Garg, Inflammasomes in cardiovascular diseases. Am. J. Cardiovasc. Dis. 1, 244–254 
(2011).

 8. M.-W. Hwang, A. Matsumori, Y. Furukawa, K. Ono, M. Okada, A. Iwasaki, M. Hara, 
T. Miyamoto, M. Touma, S. Sasayama, Neutralization of interleukin-1 in the acute phase 
of myocardial infarction promotes the progression of left ventricular remodeling.  
J. Am. Coll. Cardiol. 38, 1546–1553 (2001).

 9. L. F. Buckley, A. Abbate, Interleukin-1 blockade in Cardiovascular diseases: A clinical 
update. Eur. Heart J. 39, 2063–2069 (2018).

 10. P. M. Ridker, T. Thuren, A. Zalewski, P. Libby, Interleukin-1 inhibition and the prevention of 
recurrent cardiovascular events: Rationale and design of the canakinumab Anti-inflammatory 
Thrombosis Outcomes Study (CANTOS). Am. Heart J. 162, 597–605 (2011).

 11. T. S. G. Sehested, J. Bjerre, S. Ku, A. Chang, A. Jahansouz, D. K. Owens, M. A. Hlatky, 
J. D. Goldhaber-Fiebert, Cost-effectiveness of Canakinumab for prevention of recurrent 
cardiovascular events. JAMA Cardiol. 4, 128–135 (2019).

 12. C. A. Dinarello, A. Simon, J. W. M. van der Meer, Treating inflammation by blocking 
interleukin-1 in a broad spectrum of diseases. Nat. Rev. Drug Discov. 11, 633–652 (2012).

 13. C. A. Dinarello, Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. 
Blood 117, 3720–3732 (2011).

 14. J. Tang, T. Su, K. Huang, P.-U. Dinh, Z. Wang, A. Vandergriff, M. T. Hensley, J. Cores, 
T. Allen, T. Li, E. Sproul, E. Mihalko, L. J. Lobo, L. Ruterbories, A. Lynch, A. Brown, 
T. G. Caranasos, D. Shen, G. A. Stouffer, Z. Gu, J. Zhang, K. Cheng, Targeted repair of heart 
injury by stem cells fused with platelet nanovesicles. Nat. Biomed. Eng. 2, 17–26 (2018).

 15. T. Su, K. Huang, H. Ma, H. Liang, P.-U. Dinh, J. Chen, D. Shen, T. A. Allen, L. Qiao, Z. Li, S. Hu, 
J. Cores, B. N. Frame, A. T. Young, Q. Yin, J. Liu, L. Qian, T. G. Caranasos, Y. Brudno, 
F. S. Ligler, K. Cheng, Platelet-inspired nanocells for targeted heart repair after ischemia/
reperfusion injury. Adv. Funct. Mater. 29, 1803567 (2019).

 16. D. Shen, Z. Li, S. Hu, K. Huang, T. Su, H. Liang, F. Liu, K. Cheng, Antibody-armed platelets 
for the regenerative targeting of endogenous stem cells. Nano Lett. 19, 1883–1891 (2019).

 17. Z. Li, D. Shen, S. Hu, T. Su, K. Huang, F. Liu, L. Hou, K. Cheng, Pretargeting 
and bioorthogonal click chemistry-mediated endogenous stem cell homing for heart 
repair. ACS Nano 12, 12193–12200 (2018).

 18. Z. Li, S. Hu, K. Cheng, Platelets and their biomimetics for regenerative medicine 
and cancer therapies. J. Mater. Chem. B 6, 7354–7365 (2018).

 19. N. Harouki, L. Nicol, I. Remy-Jouet, J.-P. Henry, A. Dumesnil, A. Lejeune, S. Renet, 
F. Golding, Z. Djerada, D. Wecker, V. Bolduc, M. Bouly, J. Roussel, V. Richard, P. Mulder, 
The IL-1 antibody gevokizumab limits cardiac remodeling and coronary dysfunction 
in rats with heart failure. JACC Basic Transl. Sci. 2, 418–430 (2017).

 20. J. E. Knickelbein, W. R. Tucker, N. Bhatt, K. Armbrust, D. Valent, D. Obiyor, R. B. Nussenblatt, 
H. N. Sen, Gevokizumab in the treatment of autoimmune non-necrotizing anterior 
scleritis: Results of a phase I/II clinical trial. Am J. Ophthalmol. 172, 104–110 (2016).

 21. A. M. Owyang, H. Issafras, J. Corbin, K. Ahluwalia, P. Larsen, E. Pongo, M. Handa, 
A. H. Horwitz, M. K. Roell, M. Haak-Frendscho, L. Masat, XOMA 052, a potent, high-affinity 
monoclonal antibody for the treatment of IL-1-mediated diseases. MAbs 3, 49–60 (2011).

 22. F. W. Lam, K. V. Vijayan, R. E. Rumbaut, Platelets and their interactions with other immune 
cells. Compr. Physiol. 5, 1265–1280 (2015).

 23. M. Gawaz, Role of platelets in coronary thrombosis and reperfusion of ischemic 
myocardium. Cardiovasc. Res. 61, 498–511 (2004).

 24. L. Luo, J. Tang, K. Nishi, C. Yan, P.-U. Dinh, J. Cores, T. Kudo, J. Zhang, T.-S. Li, K. Cheng, 
Fabrication of synthetic mesenchymal stem cells for the treatment of acute myocardial 
infarction in mice. Circ. Res. 120, 1768–1775 (2017).

 25. J. Tang, X. Cui, T. G. Caranasos, M. T. Hensley, A. C. Vandergriff, Y. Hartanto, D. Shen, 
H. Zhang, J. Zhang, K. Cheng, Heart repair using nanogel-encapsulated human cardiac 
stem cells in mice and pigs with myocardial infarction. ACS Nano 11, 9738–9749 (2017).

 26. I. S. Trowbridge, M. L. Thomas, CD45: An emerging role as a protein tyrosine phosphatase 
required for lymphocyte activation and development. Annu. Rev. Immunol. 12, 
85–116 (1994).

 27. S. Toldo, E. Mezzaroma, B. W. Van Tassell, D. Farkas, C. Marchetti, N. F. Voelkel, A. Abbate, 
Interleukin-1 blockade improves cardiac remodelling after myocardial infarction 
without interrupting the inflammasome in the mouse. Exp. Physiol. 98, 734–745 (2013).

 28. S. M. Man, T.-D. Kanneganti, Converging roles of caspases in inflammasome activation, 
cell death and innate immunity. Nat. Rev. Immunol. 16, 7–21 (2016).

 29. M. Ziegler, K. Alt, B. M. Paterson, P. Kanellakis, A. Bobik, P. S. Donnelly, C. E. Hagemeyer, 
K. Peter, Highly sensitive detection of minimal cardiac ischemia using positron emission 
tomography imaging of activated platelets. Sci. Rep. 6, 38161 (2016).

 30. M. Ziegler, J. D. Hohmann, A. K. Searle, M.-K. Abraham, H. H. Nandurkar, X. Wang, K. Peter, 
A single-chain antibody-CD39 fusion protein targeting activated platelets protects 
from cardiac ischaemia/reperfusion injury. Eur. Heart J. 39, 111–116 (2017).

 31. M. Ziegler, X. Wang, B. Lim, E. Leitner, F. Klingberg, V. Ching, Y. Yao, D. Huang, X.-M. Gao, 
H. Kiriazis, X.-J. Du, J. J. Haigh, A. Bobik, C. E. Hagemeyer, I. Ahrens, K. Peter, Platelet-
targeted delivery of peripheral blood mononuclear cells to the ischemic heart restores 
cardiac function after ischemia-reperfusion injury. Theranostics 7, 3192–3206 (2017).

 32. M. Ziegler, X. Wang, K. Peter, Platelets in cardiac ischaemia/reperfusion injury: 
A promising therapeutic target. Cardiovasc. Res. 115, 1178–1188 (2019).

 33. J. A. Rymer, L. K. Newby, Failure to launch: Targeting inflammation in acute coronary 
syndromes. JACC Basic Transl. Sci. 2, 484–497 (2017).

Acknowledgments 
Funding: This work was supported by grants from the NIH (HL123920, HL137093, 
HL144002, HL146153, and HL147357 to K.C.) and the American Heart Association 
(18TPA34230092 and 19EIA34660286 to K.C.). Author contributions: K.C. and Z.L. 
designed the overall experiments. Z.L., S.H., K.H., and T.S. performed the experiments 
and analyzed the data. K.C., Z.L., and J.C. wrote the article. S.H. created the artworks. 
All authors read and approved the final article. All authors provided the corresponding 
author with written permission to be named in the article. Competing interests: The 
authors declare that they have no competing interest. Data and materials 
availability: All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials. Additional data related to this paper 
may be requested from the authors.

Submitted 16 May 2019
Accepted 22 November 2019
Published 5 February 2020
10.1126/sciadv.aay0589

Citation: Z. Li, S. Hu, K. Huang, T. Su, J. Cores, K. Cheng, Targeted anti–IL-1 platelet microparticles 
for cardiac detoxing and repair. Sci. Adv. 6, eaay0589 (2020).

https://en.bio-protocol.org/rap.aspx?eid=10.1126/sciadv.aay0589

