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ORIGINAL ARTICLE

IL1RAP Blockade With a Monoclonal Antibody 
Reduces Cardiac Inflammation and  
Preserves Heart Function in Viral and 
Autoimmune Myocarditis
Diego A. Lema , MD, PhD*; Gabriel Jakobsson , MSc*; Abdel Daoud , MS; David Elias , PhD; Monica V. Talor , MSc; 
Sara Rattik, PhD; Caitríona Grönberg , PhD; Hannah Kalinoski, PhD; Elin Jaensson Gyllenbäck , PhD; Nadan Wang , MSc; 
David Liberg , PhD; Alexandru Schiopu , MD, PhD*; Daniela Čiháková , MD, PhD*

BACKGROUND: Currently, there are no therapies targeting specific pathogenic pathways in myocarditis. IL (interleukin)-1 
blockade has shown promise in preclinical studies and case reports. We hypothesized that blockade of IL1RAP (IL-1 receptor 
accessory protein), a shared subunit of the IL-1, IL-33, and IL-36 receptors, could be more efficient than IL-1 blockade alone.

METHODS: We induced coxsackievirus B3 (CVB3)–mediated or experimental autoimmune myocarditis (EAM) in BALB/c 
mice, followed by treatment with an Fc (fragment crystallizable)-modified mIgG2a mouse anti-mouse IL1RAP monoclonal 
antibody (mCAN10). Myocarditis severity and immune infiltration were assessed by histology and flow cytometry. Cardiac 
function was measured by echocardiography. We used spatial transcriptomics (Visium 10× Genomics) to compare the gene 
expression landscape in the hearts of mCAN10-treated versus control mice.

RESULTS: IL1RAP blockade reduced CVB3 and EAM severity. In EAM, the treatment prevented deterioration of cardiac 
function, measured on day 42 post-disease induction (left ventricular ejection fraction: 56.5% versus 51.0% in isotype 
controls [P=0.002] and versus 51.4% in mice treated with anti-IL-1β antibodies alone [P=0.003]; n=10–11 mice per 
group). In the CVB3 model, mCAN10 did not impede viral clearance from the heart and significantly lowered the numbers 
of CD4+ (cluster of differentiation 4) T cells (P=0.025), inflammatory Ly6C+CCR2+ (lymphocyte antigen 6 complex, locus 
C/C-C motif chemokine receptor 2) monocytes (P=0.038), neutrophils (P=0.001) and eosinophils (P<0.001) infiltrating 
the myocardium. The spatial transcriptomic analysis revealed reduced canonical IL-1 signaling and chemokine expression in 
cardiac immune foci in CVB3-infected mice treated with IL1RAP blockade.

CONCLUSIONS: Blocking IL1RAP reduces acute CVB3 myocarditis and EAM severity and preserves cardiac function in EAM. 
We conclude that IL1RAP blockade is a potential therapeutic strategy in viral and autoimmune myocarditis.
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See Editorial by Toldo et al

Myocarditis is an inflammatory disease of the myo-
cardium affecting 22 of 100 000 people glob-
ally, although its prevalence is suspected to be 

significantly underestimated.1 The main cause of myo-
carditis is viral, including adenoviruses and cardiotro-
pic enteroviruses, such as coxsackievirus B3 (CVB3).2 
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Recent studies have indicated that adenovirus is more 
prevalent as a cause of myocarditis in the United States, 
based on its frequency in endomyocardial biopsies, com-
pared with enteroviruses. While adenovirus accounts 
for 23% of cases, enteroviruses remain significant at 
14%.2 Both adenoviruses and enteroviruses are cytolytic 
viruses that directly target cardiomyocytes by binding to 
CAR (coxsackievirus and adenovirus receptor), resulting 

in substantial direct cardiac injury followed by a robust 
inflammatory response. Myocarditis can also be caused 
by autoimmune reactions against the heart. Some forms 
of autoimmune myocarditis such as giant-cell myocardi-
tis have especially poor prognosis, half of these patients 
requiring heart transplantation within 5 years.3 Therapies 
for myocarditis currently focus on supportive care, with 
some patients requiring mechanical support or trans-
plantation. This can occur in up to 40% of children diag-
nosed with acute myocarditis.4 There is an unmet need 
for therapies targeting the pathogenic mechanisms that 
drive the disease.

IL1RAP (interleukin-1 receptor accessory pro-
tein; also called IL1R3) is a shared subunit for the IL  
(interleukin)-1, IL-33 and IL-36 isoform receptors. After 
engaging their cognate cytokines, these receptors 
form a signaling complex with IL1RAP and activate the 
MyD88 (myeloid differentiation factor 88)-p38-NFκB 
(nuclear factor-κB) pathway.5 Monoclonal antibodies 
blocking IL1RAP have shown promise in murine mod-
els of inflammatory disease including monosodium urate 
peritonitis, allergic airway inflammation, and psoriasis.6 
The importance of the IL1RAP-dependent cytokines in 
cardiovascular disease is becoming increasingly evident 
in recent clinical trials and animal studies. IL-1β is the  
best-characterized cytokine of this family. The CANTOS 
trial (Cantos Canakinumab Anti-Inflammatory Thrombo-
sis Outcomes Study) demonstrated that canakinumab, an 
antibody that neutralizes IL-1β, reduces the recurrence 
of cardiovascular events in patients with previous myo-
cardial infarction.7 The magnitude of this effect directly 
correlated to the reduction of elevated inflammatory 
markers.8 The role of IL-33 in cardiovascular disease is 
less well established.9 We and others have demonstrated 
that IL-33 promotes eosinophilic pericarditis and myo-
carditis.10 This effect is largely due to the activation of 
resident cardiac innate lymphoid cells, type 2 (ILC2).11,12 
IL-36 is the least characterized of these cytokines in car-
diovascular disease but has been reported to exacerbate 
endothelial dysfunction, ischemia/reperfusion injury,13,14 
and viral myocarditis15 in rodent models.

Murine models of myocarditis, particularly CVB3 
myocarditis and experimental autoimmune myocarditis 
(EAM), have provided invaluable clues of the immuno-
pathogenesis of this disease and are important tools 
for preclinical testing of novel therapies before they 
advance to human trials.16,17 Preclinical studies have 
demonstrated that blocking individual components of 
the IL-1 signaling pathway18–20 or neutralizing IL-33 by 
a soluble decoy receptor10 may hold therapeutic promise 
in treating myocarditis. Additionally, indirect promotion 
of IL-36 signaling through IL-38 blockade exacerbates 
CVB3 myocarditis, suggesting a potential therapeutic 
role for IL-36 blockade.15 We hypothesized that blockade 
of IL1RAP might be an efficient therapeutic approach in 
myocarditis, due to simultaneous inhibition of IL-1, IL-33, 

Nonstandard Abbreviations and Acronyms

αMyHC α-myosin heavy-chain peptide
CAR  coxsackievirus and adenovirus 

receptor
CVB3 coxsackievirus B3
d.p.i. days post-infection
EAM  experimental autoimmune 

myocarditis
EF ejection fraction
H&E hematoxylin and eosin
IFN interferon
IL interleukin
IL1R1 interleukin-1 receptor, type 1
IL1Ra interleukin-1 receptor antagonist
IL1RAP  interleukin-1 receptor accessory 

protein
ILC2 innate lymphoid cell, type 2
NFκB nuclear factor-κB
scRNA-Seq single-cell RNA sequencing
SPADE  Spatial Deconvolution for Domain 

Specific Cell-Type Estimation
TNF tumor necrosis factor

WHAT IS NEW?
• IL1RAP (interleukin-1 receptor accessory protein) 

is a common subunit of the receptors for the pro-
inflammatory cytokines IL (interleukin)-1β, IL-1α, 
IL-33, and IL-36, which have been implicated in the 
pathogenesis of myocarditis.

• IL1RAP blockade reduced cardiac inflammation 
and disease severity in viral myocarditis and pro-
tected against cardiac dysfunction in autoimmune 
myocarditis, with higher efficacy compared with 
anti-IL-1 treatment alone.

WHAT ARE THE CLINICAL IMPLICATIONS?
• Treating myocarditis to prevent myocardial damage 

and the subsequent heart failure may require broad 
anti-inflammatory strategies.

• Targeting IL1RAP during myocarditis is a promising 
potential therapy against acute inflammatory dam-
age and declining cardiac function.
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and IL-36 signaling.21 An Fc (fragment crystallizable)-
modified hIgG1 humanized anti-human IL1RAP mono-
clonal antibody (CAN10; Cantargia AB, Lund, Sweden) 
is under development for treatment of inflammatory and 
fibrotic diseases and is currently undergoing a phase 
1 clinical trial in healthy subjects and in subjects with 
plaque psoriasis (https://www.clinicaltrials.gov; unique 
identifier: NCT06143371). In our current study, we 
evaluated the efficacy of a murine functional equiva-
lent of CAN10 (Fc-modified mIgG2a mouse anti-mouse 
IL1RAP monoclonal antibody [mCAN10]) for the treat-
ment of viral and autoimmune myocarditis. Our results 
indicate that mCAN10 has a potent anti-inflammatory 
profile in myocarditis, reduces disease severity, and pre-
vents deterioration of cardiac function. These findings 
underscore the potential translational benefit of IL1RAP 
blockade to treat cardiac inflammatory disease.

METHODS
Data Availability
The Visium spatial transcriptomics data reported in this article 
have been deposited in Figshare and are accessible with the fol-
lowing link: https://figshare.com/s/165ca561bcf11686d4fe. 
The remaining data that support the findings of this study 
are available from the corresponding author upon reasonable 
request.

Animals
Wild-type BALB/cJ (JAX 651) mice were purchased from 
The Jackson Laboratories (Bar Harbor, ME). We used 6- to 
10-week-old BALB/cJ male mice. Animals were housed at 
the pathogen-free animal facilities of Johns Hopkins University 
School of Medicine, Lund University, or at the CL laboratory 
LCC (Baltimore, MD). Animals were housed under standard 
conditions with 12-hour light and dark cycles and access to 
water and food ad libitum. All experiments were performed with 
age-matched mice in accordance with the guidelines set forth 
in the Guide for the Care and Use of Laboratory Animals. All 
methods and protocols were approved by the Animal Care and 
Use Committee of Johns Hopkins University, the Institutional 
Animals Care and Use Committee conforming to the Guide 
for the Care and Use of Laboratory Animals published by the 
US National Institutes of Health, or by the Regional Ethics 
Committee for animal research in Lund, Sweden.

Pharmacokinetic Measurements of mCAN10 in 
Mice
The optimal pharmacokinetic profile of mCAN10 was deter-
mined by utilizing healthy female C57BL/6 mice (8 weeks of 
age) receiving intraperitoneal injections twice weekly for a total 
of 3 injections, 10 mg/kg per dose with a double dose at the 
first dosing occasion. Blood was sampled from the sublingual 
vein, and each mouse was sampled 3×.

A dose-finding study in mice with EAM, induced as described 
below, was performed in male BALB/c mice (8 weeks old) 
with dosing starting at day 7 after disease induction. The mice 

were divided into the following dose groups: 0, 3, 10, 30, and 
60 mg/kg, receiving intraperitoneal injections twice weekly of 
mCAN10, without an initial double dose, for 5 weeks. Blood 
sampling was performed through retro-orbital bleeding on day 
28, and echocardiography was performed to assess left ven-
tricular ejection fraction (EF).

Free mCAN10, not bound to soluble or membrane-bound 
mouse IL1RAP, was measured in plasma. Mouse plasma 
was diluted 1:100 and 1:1000. Mouse sIL1RAP (1 µg/
mL) was coated on microtiter plates, and free mCAN10 in 
samples and standards was allowed to bind to the murine 
sIL1RAP. A biotin-labeled rat anti-mouse IgG2a secondary 
antibody (MA5-16788; Thermo Scientific) was added and 
subsequently detected using streptavidin-horseradish peroxi-
dase (N100; Thermo Scientific) and TMB substrate (5120-
0047; SeraCare). The resulting absorbance was proportional 
to the amount of mCAN10 bound on the plate (assay devel-
oped by Cantargia AB, Lund, Sweden at Truly Labs AB, Lund, 
Sweden). Pharmacokinetic analysis was performed through 
noncompartmental analysis, spares sampling, by using 
Phoenix WinNonline 8 (Certara).

mCAN10 In Vitro Cytokine Inhibition Assay
NIH3T3 mouse fibroblast cell line (ATCC; CRL1658) cells 
were grown in DMEM with GlutaMax (Gibco; 61965-026) 
supplemented with 10% calf bovine serum (Sigma-Aldrich; 
12133C; hereafter called complete media). For detachment, 
cells were rinsed with 1 mL PBS, and then 1 mL 0.25%  
trypsin-EDTA solution was added to the flask followed by 
1-minute incubation at 5% CO2, 37 °C. The trypsin was neu-
tralized with 10× volume of complete media; cells were washed 
and seeded in a 96-well plate at a density of 40×103 cells 
per well in 50 µL complete media. Where indicated, cells were 
blocked with mCAN10 at 20 µg/mL (IL-1β, IL-33, and IL-36) 
or 60 µg/mL (IL-1α) for 1 hour at 37 °C, 5% CO2, and then 
stimulated with recombinant murine IL-1α, IL-1β, IL-33, IL-36α, 
IL-36β, or IL-36γ (Table) followed by incubation at 37 °C, 5% 
CO2, overnight (16–18 hours). After centrifugation, the super-
natant was harvested by centrifugation at 1000g for 10 min-
utes at 4 °C and stored at −80 °C awaiting analysis.

Table. Cytokines Used in mCAN10 Cytokine Inhibition  
Studies

Chemical/
material Vendor

Product 
number Lot number

Final  
concentration, 
ng/mL

rmIL-1α R&D  
Systems

400-ML-
005

BL0320041 0.005

rmIL-1β R&D  
Systems

401-ML-
005

BN0720072 0.03

rmIL-33 Peprotech 210-33 511434 15

rmIL-36α R&D  
Systems

7059-
ML-010

DARO1118111 15

rmIL-36β R&D  
Systems

7060-
ML-010

DAQS0318021 8

rmIL-36γ R&D  
Systems

6996-
IL010

DAQQ0319021 15

This table contains a list of recombinant murine cytokines, where they were 
sourced from, and the final concentrations used to stimulate NIH3T3 cells in 
mCAN10 cytokine inhibition studies. rm indicates recombinant mouse.
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Luminex xMAP technology was used to quantify G-CSF 
(granulocyte colony-stimulating factor). The multiplexing analy-
sis was performed using the Luminex 200 system (Luminex, 
Austin, TX) by Eve Technologies Corporation (Calgary, Alberta) 
using Eve Technologies’ Mouse Cytokine/Chemokine MD31 
array according to the manufacturer’s protocol.

HEK293 QUANTI-Blue Reporter System
HEK-Blue (IL-1R) cells (originally from Invitrogen) were cul-
tured in complete medium (DMEM+glutamax+10% heat- 
inactivated calf serum+selection antibiotics). Cells were 
counted and seeded in 96-well plates (5×104 cells per well; 
150 µL cell suspension per well) and left for at least 2 hours to 
attach. The diluted antibodies mCAN10, anti-IL-1β goat IgG2 
(AF-401-NA; R&D Systems), or isotype controls were added to 
the cells and preincubated at 37 °C for 1 hour. After that, IL-1β 
at a final concentration of 30 pg/mL was added and incubated 
at 37 °C for 17 hours. Plates were then centrifuged at 300g 
for 5 minutes, 50 µL supernatant was collected and mixed with 
QUANTI-Blue working solution, followed by incubation for 60 
to 90 minutes at 37 °C. Color development was measured at 
620 nm using a SpectraMax i3 spectrophotometer (Molecular 
Device).

CVB3 Myocarditis Induction
Six- to 10-week-old male BALB/cJ mice were infected intra-
peritoneally with 1.6×103 plaque-forming units of BALB/cJ 
heart-passaged CVB3 (Nancy strain, from Prof Karin Klingel) 
diluted in 100 µL sterile PBS (PAA Laboratories).

Experimental Autoimmune Myocarditis
EAM was induced by double immunization with a myocardial-
specific myosin peptide emulsified in complete Freund adjuvant, 
as previously described by Fontes et al.22 In this model, complete 
Freund adjuvant induces an IL-6–dependent expansion of den-
dritic cells and monocytes in lymph nodes, spleen, and heart, 
promoting the generation of autoreactive myosin-specific T cells 
that induce cardiomyocyte damage. αMyHC (α-myosin heavy-
chain peptide; Ac-RSLKLMATLFSTYASADR-OH; AnaSpec)  
was dissolved in 1 mL PBS to a concentration of 1 mg/mL and 
emulsified 1:1 in complete Freund adjuvant (Sigma-Aldrich) 
containing 1 mg/mL Mycobacterium tuberculosis (H37Ra). 
On days 0 and 7, 200 µL emulsion containing 100 µg pep-
tide was injected subcutaneously, divided over the flank and 
shoulder blade to minimize discomfort from local inflammation. 
In this model, myocardial inflammation starts on day 7, at the 
time of the booster immunization, and reaches peak on day 21. 
This pathogen-free model has been used to assess treatment 
effects on long-term cardiac function, as it avoids the caveat of 
virus-induced mortality of the sickest animals encountered in 
the CVB3 model, which in turn may lead to bias due to falsely 
higher LV function of the surviving mice.

Antibody and Control Treatments
CVB3-infected mice were treated starting at day 0, and the 
EAM mice were treated from day 7, at the time of the booster 
αMyHC immunization. mCAN10 (a monoclonal mouse mIgG2a 
anti-mouse IL1RAP antibody with L234A, L235A, and 
P329G [LALA-PG] mutations leading to decreased Fc/FcγR 

[Fc-gamma receptor] effector functions) and isotype control 
(anti-HEL mIgG2a-LALA-PG) were administered intraperito-
neally as a loading dose of 20 mg/kg on the first injection, 
followed by biweekly injections of 10 mg/kg. The dose of 
mCAN10 was selected based on the mouse pharmacokinet-
ics study and the dose range finding study described above. 
Treatment with 10 mg/kg twice a week with an initial loading 
dose of 20 mg/kg saturates sIL1RAP, gives stable mCAN10 
levels in plasma, and has the best effect on heart function 
deterioration (Figure S1). Animals receiving αIL-1β (goat IgG2, 
AF-401-NA; R&D Systems) or isotype control goat-IgG2 were 
given biweekly injections of 0.5 mg/kg. The dose of anti-IL-1β 
was chosen based on a previous publication.23 This anti-IL-1β 
antibody is highly potent and inhibits IL-1β signaling in the 
HEK293 QUANTI-Blue reporter system at an 80× higher 
potency compared with mCAN10 (Figure S1J). In selected 
in vivo experiments, we compared the efficacy of mCAN10 
with prednisone or with the IL1Ra (IL-1 receptor antagonist), 
anakinra. Prednisone was administered p.o. daily at 5 mg/kg, 
and IL1Ra was given s.c. daily at 25 mg/kg. These treatment 
regimens were selected based on available literature showing 
effects with the indicated doses. The IL1Ra dose was chosen 
to be as close as possible to the clinical human dose, and daily 
s.c. injections were used because of the short half-life of the 
drug.24,25 In a separate EAM study performed by CL Laboratory 
LLC (Gaithersburg, MD), treatment with mCAN10 or isotype 
control was initiated on day 14 to assess the effects of the 
antibody on already established myocarditis.

Viral Titer Determination With the Plaque Assay
Vero cell lines were plated in 24-well plates, grown to 90% 
confluency, and infected with 55 µL of samples containing 
virus. After a 60-minute incubation at 37 °C, warm methylcel-
lulose solution was added and solidified within the wells for 
3 days, followed by adding 10% phosphate-buffered forma-
lin fixative solution. Solutions in the wells were aspirated, and 
1% (w/v) crystal violet dye was added to visualize the plaques. 
The plates were rinsed with running water, and the number of 
plaques per well was counted and converted to the viral titer 
(plaque-forming units/mL).

Flow Cytometry and Single-Cell Preparations
Flow cytometry samples from CVB3 tissues were prepared 
in a BSL2 hood. Mouse hearts were flushed in situ with PBS 
for 2 minutes, harvested, digested, and filtered into single-cell 
suspensions using mechanical disruption with a GentleMACS 
Dissociator (Miltenyi), enzymatic digestion (collagenase II and 
DNase I, Worthington), and 40-µm cell strainers (Falcon) as 
described previously.11 Spleens were dissociated into single 
cells with 40-µm cell strainers, and red blood cells were lysed 
with ACK (ammonium chloride lysine buffer) solution (Quality 
Biological). Bone marrow was flushed from the right femur with 
DMEM using a 25G needle and 3-mL syringe, and the result-
ing cells were strained and red blood cells lysed.

For flow cytometry, cardiac and splenic single cells were 
first stained with Live/Dead Aqua Fixable Dye (Invitrogen). 
After FcRγII/III block with TruStain FcX anti-mouse CD16/32 
(cluster of differentiation 16/32; BioLegend), cells were sur-
face stained in the fluorescence-activated cell sorting buf-
fer (0.5% BSA, 2 mmol/L EDTA in PBS) with a cocktail of 
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fluorochrome-conjugated antibodies against CCR2 (C-C 
motif chemokine receptor 2; SA2036-11, BV421), Ly6G 
(lymphocyte antigen 6 complex, locus G; 1A8; Pacific Blue), 
CD44 (1M7, BV480), CD206 (CO68C2, BV605), CD8 (53-
6.7, BV650), CD64 (X54-517-1, BV711), CD90 (30-H12, 
BV750), Ly6C (HK1.4, BV785), CD3 (145-2C11, FITC [fluo-
rescein]), KLRG1 (killer cell lectin-like receptor G1; 2F1, Alexa 
Fluor 532), NKp46 (29A1.4, PerCP [peridinin-chlorophyll-
protein]-Cy5.5), ST2 (soluble interleukin 1 receptor-like 1 
cardiac biomarker; RMST2-33, PerCP-eFluor 710), Siglec F 
(E50-2440, PE [phycoerythrin]), CD45 (HI30, PE-Texas Red), 
CD62L (MEL-14, PE-Cy5), F4/80 (BMP [B-type natriuretic 
peptide], PE-Cy7), MerTK (mer proto-oncogene tyrosine 
kinase; 2B10642, APC [allophycocyanin]), IL1RAP (15F12, 
Alexa Fluor 647), CD4 (GK1.5, Alexa Fluor 647), MHC-II (major 
histocompatibility complex class II; M5/114.15.2, Alexa Fluor 
700), and CD11b (M1/70, APC-eFire750). Bone marrow cells 
were stained with LIVE/DEAD Aqua, followed by staining with 
a CD16/32 antibody (S17011E, APC-Cy7), before proceeding 
to FcRγII/III block as described above. The cells were stained 
with a mix of antibodies against CD135 (A2F10, BV421), Sca-1 
(spinocerebellar ataxia type 1; D7, BV605), CD150 (TC15-
12F122, BV711), a lineage (CD3, CD11b, CD19, B220, Ter-
119, Ly6C, Ly6G), cocktail (145-2C11; RB6-8C5; RA3-6B2; 
Ter-119; M1/70, FITC), CD34 (RAM34, Alexa Fluor 532), IL7R 
(A7R34, PE), CD45 (HI30, PE-Texas Red), c-Kit (ACK2 [anti-
body that binds to CD117], APC), and CD48 (HM48-1, Alexa 
Fluor 700). All antibodies were purchased from BD Biosciences, 
BioLegend, eBioscience, Miltenyi, or R&D Systems, with the 
exception of IL1RAP, which was purified in-house. Cells were 
fixed with CytoFix Buffer (BioLegend). Sample acquisition was 
performed on a 4-laser Cytek Aurora spectral flow cytometer 
(Cytek) running SpectroFlo (Cytek). Data were analyzed using 
the FlowJo v8.10.0 software (BD Biosciences) and SpectroFlo 
(Cytek). Gating parameters were defined on the first sample 
and applied to all samples in the same experiment, minimizing 
the risk for observer bias. The observer was not blinded to the 
identity of the groups.

Myocarditis Severity Grading
For the histological and immunohistochemical analyses, hearts 
were fixed with 10% buffered formalin, embedded in paraffin, 
and sectioned at 5 µm, as described previously.26 One middle 
section per heart was stained with hematoxylin and eosin (H&E). 
Inflammation levels were assessed in the entire section by grad-
ing the area of infiltration with immune cells as follows: grade 
0, no inflammation; grade 1, <10% of the heart section is infil-
trated; grade 2, 10% to 30%; grade 3, 30% to 50%; grade 4, 
50% to 90%; and grade 5, >90%. Three blinded, independent 
observers graded each heart, and their scores were averaged.

Fibrosis Severity Grading
One middle section per heart was stained with Masson tri-
chrome. Fibrotic area and whole area were measured using 
computerized planimetry (Image J; National Institutes of 
Health). The fibrotic area was presented as a percentage of 
the whole area. Three random fields per heart were counted 
and averaged. A total of 30 fields per group were measured in 
the study. The observer was blinded to the origin of the cardiac 
sections.

Immunohistochemistry
For CD68 and Ly6G staining, antigen retrieval was performed 
by boiling the sections in 10-mmol/L citrate buffer at pH 6.0 for 
15 minutes, followed by blocking with 10% BSA and incubation 
with anti-CD68 (Ab125212; Abcam) or anti-Ly6G (551459; 
BD Pharmingen) overnight. Antibody detection was performed 
with biotinylated species-specific secondary antibody (goat anti-
rabbit BA-1000 or rabbit anti-rat BA-4001, respectively; Vector 
Laboratories), followed by streptavidin-conjugated horserad-
ish peroxidase (VECTASTAIN Elite ABC; Vector Laboratories) 
and developed with the DAB ImmPACT kit (SK-4105; Vector 
Laboratories). Slides were imaged with a ScanScope GL 
(Aperio). Positive staining was quantified using QuPath.

Light Microscopy
Images on H&E-stained, Masson trichrome–stained, and 
Picrosirius red–stained and immunostained sections were 
acquired on the BX43 microscope (Olympus) with the DS-Fi3 
camera (Nikon) using NIS-Elements D Software (v. 5.10.01; 
Nikon).

Echocardiography
In the CVB3 myocarditis model, transthoracic echocardiography 
was performed on conscious mice using the Vevo 3100 imag-
ing system (VisualSonics) with an MX-550D probe. The animals 
were placed in supine position, shaved with depilatory cream, 
and prewarmed ultrasound gel was applied to the chest. The 
animals were maintained at 37 °C during the measurements. 
Parasternal short-axis M-mode images were collected and left 
ventricular function was calculated in Vevo LAB (VisualSonics) 
using the Teichholz method. For the EAM experiments, trans-
thoracic echocardiography was performed on mice under iso-
flurane inhalatory anesthesia, using the Vevo 3100 imaging 
system (VisualSonics) with an MX-550D probe. B-mode images 
were collected in the parasternal long axis in the center of the 
heart with the apex and the aorta as reference, in accordance 
with the study by Lindsey et al.27 The left ventricular function 
was analyzed in Vevo LAB (VisualSonics) by tracing of the left 
ventricle outline in systole and diastole. The left ventricular EF 
was calculated based on the measurement of left ventricular 
volumes by the Simpson method. In the late-treatment EAM 
experiments, images were obtained with an Acuson P300 
(Siemens) and a linear array transducer probe. Three to 5 con-
secutive beats were averaged for all studies. All measurements 
and analyses were performed by blinded investigators.

Quantitative Real-Time Polymerase Chain 
Reaction
Total RNA was extracted from tissues using RNeasy Plus 
Mini Kit (Qiagen). Single-stranded cDNA was synthesized 
with iScript Reverse Transcription Supermix (BioRad). A CVB3 
strain Nancy UTR (complete genome: GenBank JX312061.1) 
was amplified using the following primers: forward: 5ʹ-CCC 
TGA ATG CGG CTA ATC C-3ʹ and reverse: 5ʹ-ATT GTC ACC 
AA AGC AGC CA-3ʹ. Power SYBR Green PCR Master Mix 
(Applied Biosystems) was used, and real-time cycle thresholds 
were detected via MyiQ2 thermal cycler (BioRad). Data were 
analyzed by the 2−ΔΔCt method and were normalized to Gapdh 
expression and then to biological controls.

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 10, 2024



6Circ Heart Fail. 2024;17:e011729. DOI: 10.1161/CIRCHEARTFAILURE.124.011729 December 2024

Lema et al IL1RAP Blockade Mitigates Myocarditis

Serum Cardiac and Inflammatory Biomarker 
Determination
Mice were bled retro-orbitally using heparinized capillary tubes 
under general anesthesia before euthanization, and serum was 
separated by centrifugation. Mouse high-sensitivity T-cell mag-
netic bead panel from Millipore Sigma (MHSTCMAG-70K) was 
used to measure the levels of cytokines in the serum. This kit 
measures 18 different mouse cytokines (GM-CSF [granulocyte- 
macrophage colony-stimulating factor], IFN [interferon]-γ, IL-1α, 
IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12 [p70], IL-13, IL-17A, 
KC [murine embryonic fibroblasts], LIX [lipopolysaccharide- 
induced], MCP-1 [monocyte chemoattractant protein-1], MIP-2 
[macrophage inflammatory protein-2], and TNF [tumor necrosis 
factor]).

Single-Cell RNA-Sequencing Analysis
A publicly available single-cell RNA-Seq cardiac data set (Gene 
Expression Omnibus accession code: GSE174458) represent-
ing 2 healthy mouse hearts and 2 CVB3-infected myocarditis 
mouse hearts, a publicly available single-cell RNA sequencing 
(scRNA-Seq) healthy bone marrow data set (Gene Expression 
Omnibus accession code: GSE75478) representing 2 healthy 
donors, and a publicly available healthy heart scRNA-Seq 
data set (Extractable Nuclear Antigen accession number: 
ERP123138) representing 14 healthy donors were analyzed 
for the expression of IL1RAP (and IL1R1 [IL-1 receptor, type 
1] where applicable). For each data set, The SCTransform 
Seurat pipeline, using a Seurat (v4.1.1) package, was utilized 
for scRNA-Seq processing and clustering. Canonical pheno-
type markers verified using the FindAllMarkers() function were 
used to identify cell populations. Feature plots were generated 
using the FeaturePlot() function, and dot plots were gener-
ated using the DotPlot() function. Each data set was analyzed 
separately. All scRNA-Seq analyses and visualization were per-
formed with R (v4.1.1).

Spatial Transcriptomics
Spatial transcriptomics was performed by the Johns Hopkins 
Single Cell and Transcriptomics Core using the Visium plat-
form (10× Genomics). Mouse hearts were formalin fixed, par-
affin embedded, H&E stained, and imaged as described above. 
Hard set coverslips were removed by submerging in xylene 
and placing in a precooled metal block. Then, slides were 
destained in xylene followed by decreasing concentrations of 
ethanol solutions. A small piece of tissue from a different heart 
section on the same slides was scraped off to assess RNA 
integrity by DV200 determination. CytAssist (10× Genomics) 
was used to facilitate transfer of heart sections to the cap-
ture area of the Visium slides (11×11 mm). Sequencing was 
performed according to the manufacturer’s instructions. 
Spatial transcriptomic libraries were generated using the 
Visium Spatial Gene Expression Reagent Kit (10× Genomics). 
Raw sequencing data were preprocessed and demultiplexed 
using Space Ranger (v1.2.0; 10× Genomics). Consequently, 
reads were analyzed according to the Seurat (v 4.1.1) spa-
tial workflow. Further statistical analysis was strictly con-
ducted on either immune foci or fibroblast spots. Immune foci 
spots were defined as spots with a normalized Ptprc (CD45) 
expression >0. Fibroblast spots were defined as spots with 

a normalized Ptprc (CD45) expression =0 and a normalized 
Pdgfra expression >0. Statistical analysis of genes spatially 
variable between spatial transcriptomic slides was conducted 
using the Spatial Deconvolution for Domain Specific Cell-Type 
Estimation (SPADE) package (v1.0). Following the SPADE 
analysis, log2(fold change) between mCAN10-treated and 
isotype-treated immune foci or fibroblast areas was examined. 
Only genes with an adjusted P≤0.05 and log2(fold change) 
<0 were retained. Visualization involving histological slides 
was conducted in python using the scanpy package (v 5.2.1). 
The use of the standardized pipeline and the SPADE analysis 
described above reduces the risk of bias to a minimum. The 
observer was not blinded to the identity of the groups.

Statistics
GraphPad Prism 8 was used for statistical analysis. Comparisons 
between 2 groups were analyzed using the Student t test. 
Comparisons between ≥3 groups were performed with 1-way 
ANOVA or Kruskal-Wallis test with Dunn pairwise multiple 
post hoc comparisons. For repeated measures experiments, a 
2-way ANOVA with Fisher least significant difference multiple 
comparisons post hoc test was used. Data are represented as 
mean±SD for normally distributed values or as median for non-
normally distributed data. Statistically significant P values are 
presented in the figures and text.

RESULTS
IL1RAP Is Expressed in Mouse Hearts and 
Bone Marrow
We used flow cytometry to investigate the expression 
of IL1RAP in immune and nonimmune populations of 
the heart and bone marrow in naive or CVB3-infected 
mice euthanized on day 10 post-infection. In the heart, 
IL1RAP was highly expressed in CD64+F4/80+ mono-
cytes/macrophages, fibroblasts, and eosinophils (Fig-
ure 1A). Neutrophils and cardiac ILC2s, a population that 
is dependent on IL-33 stimulation,11,12 also expressed 
IL1RAP. All T-cell subsets showed low expression of 
IL1RAP (mean fluorescence intensity [MFI], <5000). 
IL1RAP expression increased in CD4+ T central mem-
ory cells (CD4+ Tcm), naive CD4 T cells (CD4+ Tn), and 
naive CD8 T cells (CD8+ Tn) during CVB3 myocarditis 
(Figure 1A). In the mouse bone marrow, IL1RAP expres-
sion was the lowest in common lymphoid progenitors 
(MFI 4676) and multipotent progenitors (MFI 5086) 
and the highest in LineagenegSca-1−c-Kit+ progenitors 
(MFI 9461) and granulocyte-monocyte precursors (MFI 
10375; Figure 1B and 1C).

We sought to corroborate these findings at the gene 
expression level by using a publicly available sequencing 
data set of single cells from naive and CVB3-infected 
mice at day 21 post-infection.28 In the naive heart, stro-
mal cells such as smooth muscle cells and fibroblasts 
expressed high levels of the IL-1 receptor (Il1r1) and 
Il1rap (Figure 1D). During CVB3 myocarditis, Il1rap 
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Figure 1. IL1RAP (interleukin-1 receptor accessory protein) expression in the heart and bone marrow during acute viral 
myocarditis.
A, Histograms of IL1RAP expression levels on immune cell subsets in naive or coxsackievirus B3 (CVB3)–infected (day 10) mouse hearts as 
assessed by flow cytometry. Cells were stained with anti-IL1RAP-Alexa Fluor 647 or isotype control to establish fluorescence baseline. The x 
axis is the fluorescence intensity of the anti-IL1RAP Alexa Fluor 647 signal. The y axis is the cell counts normalized to mode. B, Flow cytometry 
histograms indicating the expression of IL1RAP in bone marrow populations during naive state and CVB3 myocarditis (day 10). C, IL1RAP 
MFI (baseline isotype fluorescence subtracted) for each of the indicated heart and bone marrow populations during acute CVB3 myocarditis 
(day 10). Frequency of IL1RAP+ cells within each population is indicated by the color of the points. D, Dot plots showing the naive and CVB3 
myocarditis expression of Il1r1 (encoding IL1R1) and Il1rap (encoding IL1RAP) in various cardiac cell populations utilizing a (Continued )
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expression was similar in immune cells, fibroblasts, and 
smooth muscle cells (Figure 1D).

To examine whether IL1RAP is also expressed in 
human cells, we obtained publicly available scRNA-Seq 
data sets from the healthy human heart29 and bone mar-
row30 samples. In healthy human hearts, IL1RAP is pre-
dominantly expressed in macrophages and granulocytes. 
Other immune populations, such as T cells, showed low 
expression. IL1RAP was also expressed in nonimmune 
cells, including atrial and ventricular cardiomyocytes, 
fibroblasts, and endothelial cells (Figure 1E). IL1RAP 
expression in the human bone marrow was sparse and 
limited to a few populations of multipotent progenitors 
(Figure 1F).

IL1RAP Blockade by mCAN10 Reduces Acute 
Myocarditis Severity in CVB3 Myocarditis
We next utilized the mouse anti-mouse IL1RAP mono-
clonal antibody mCAN10 to block IL1RAP-mediated 
signaling. mCAN10 is a pure blocking antibody as it 
contains an LALA-PG modification in the Fc region to 
prevent FcγR-mediated functions such as antibody-
dependent cellular cytotoxicity.31 We confirmed in vitro 
that mCAN10 is an effective blocker of IL1α, IL-1β, 
IL-33, IL-36α, IL-36β, and IL-36γ activity (Figure S1A 
through S1F) and determined the pharmacokinetic pro-
file of mCAN10 in BALB/c mice with myocarditis and in 
healthy C57BL/6 mice. The optimal dosing regimen was 
set to 10 mg/kg biweekly intraperitoneally, with a loading 
dose of 20 mg/kg (Figure S1G through S1I). The higher 
tested doses of 30 and 60 mg/kg did not offer additional 
cardioprotection.

To study the effect of IL1RAP blockade in acute 
myocarditis, we induced CVB3 myocarditis by injecting 
BALB/cJ male mice with heart-passaged CVB3 fol-
lowed by mCAN10 treatment on 0, 3, and 8 days post-
infection (d.p.i.; Figure 2A). Mice were euthanized on day 
10, at the peak of CVB3 myocardial inflammation.32 We 
used 3 control treatment groups: isotype (administered 
at the same dosage and schedule as mCAN10), IL1Ra, 
which blocks IL-1 signaling without interfering with the 
IL-33 or IL-36 receptors (25 mg/kg subcutaneously 
daily), or PBS (n=10 per group).

The mCAN10-treated animals displayed signifi-
cantly reduced myocarditis severity, as evaluated by 
histology, compared with the isotype and PBS groups 
(IL1RAP versus isotype control myocarditis severity 
score: 1.1±0.49 versus 2.2±0.75; P=0.010; Figure 2B 

and 2C). mCAN10-treated hearts showed a reduced 
number of inflammatory foci, which were smaller and 
less dense than their control counterparts. In contrast, 
the IL1Ra treatment did not significantly affect the myo-
carditis severity score compared with PBS. To investi-
gate whether the reduction of myocarditis severity was 
associated with improved heart function, we performed 
transthoracic M-mode echocardiography. At 9 d.p.i., we 
found no statistically significant differences between 
the left ventricular EF and end-systolic volumes in the 
mCAN10, IL1Ra, isotype control, and PBS groups (Fig-
ure 2D through 2F).

All CVB3-infected animals gradually lost weight dur-
ing the course of the disease, but this was less severe in 
the mCAN10 group (P=0.006) where weight plateaued 
on day 8 post-infection, suggesting gradual recovery 
(Figure 2G). There was no difference in the heart and 
spleen weights corrected to body weight among treat-
ment groups (Figure 2H and 2I). We also assessed viral 
persistence in the heart by quantitative polymerase chain 
reaction detection of viral genome in cardiac tissue at 10 
d.p.i. At this time point, 30% to 50% of the mice in each 
group had cleared CVB3 from the heart with no signifi-
cant differences in CVB3 RNA levels (mCAN10 [3.307] 
versus isotype [1.860]; P=0.480) or clearance among 
groups (Figure S2A). This suggests that IL1RAP block-
ade results in reduced CVB3 myocarditis severity without 
affecting viral clearance at day 10.

Blocking IL1RAP Reduces Inflammatory 
Monocytes, T Cells, Neutrophils, and 
Eosinophils in the Heart in Acute CVB3 
Myocarditis
We used spectral flow cytometry to phenotypically char-
acterize the changes in cardiac immune cells on the 
peak of inflammation, at day 10 of CVB3 myocardi-
tis. The gating strategy is presented in Figure S2B. In 
accordance with our histological observations, mCAN10 
potently reduced the numbers of CD45+ immune cells 
infiltrating the heart (121.3±80.45 cells/mg) com-
pared with its isotype (320.2±111.97 cells/mg) and 
PBS controls (328.8±131.94 cells/mg; P=0.013 and 
P=0.004, respectively; Figure 3A). Several immune 
populations in the hearts of the mCAN10 group were 
reduced compared with isotype, particularly the number 
of Ly6C+CCR2+ monocytes (P=0.038), macrophages 
(CD64+F4/80+CCR2−Ly6C−; P=0.014), neutrophils 

Figure 1 Continued. publicly available single-cell RNA sequencing data set (GSE174458). E and F, UMAP of publicly available single-cell 
RNA sequencing data sets showing the expression of IL1RAP in the healthy human heart (E; ERP123138) and bone marrow (F; GSE75478) 
populations. CLP indicates common lymphoid progenitor; CM, cardiomyocyte; CMP, common myeloid progenitor; Eos, eosinophil; Fibro, 
fibroblast; GMP, granulocyte-monocyte precursor; HSC, hematopoietic stem cell; Lin, lineage; LK, LineagenegSca-1−c-Kit+ precursor; LSK, 
LineagenegSca-1+c-Kit+ precursor; mDC, monocyte-derived dendritic cell; MFI, mean fluorescence intensity; Mo/Mac, monocyte/macrophage; 
MPP, multipotent progenitor; Neutro, neutrophil; SMC, smooth muscle cell; Tcm, T central memory cell; Teff, T effector cell; Tn, T naive cell; and 
UMAP, uniform manifold analysis and projection.
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Figure 2. IL1RAP (interleukin-1 receptor accessory protein) blockade by mCAN10 reduces disease severity in acute CVB3 
myocarditis.
A, Acute CVB3-myocarditis experimental timeline. All mice were infected with CVB3 virus on day 0 and treated with mCAN10 (n=10), isotype 
control (n=10), IL1Ra (interleukin-1 receptor antagonist; n=10), or PBS (n=10). Mice were given a loading dose of 20 mg/kg mCAN10 or 
isotype intraperitoneally on day 0 and were subsequently treated with either of the 2 antibodies at a 10-mg/kg dose biweekly. IL1Ra was 
administered subcutaneously at 25 mg/kg daily. An equal volume (100 μL) of PBS was administered subcutaneously daily as control. Mice 
were euthanized on day 10 post-infection. B, Myocarditis was scored on H&E–stained sections as described in Methods. Comparison of 
myocarditis severity score among treatment groups (n=10 mice per group, 3 sections per mouse; Kruskal-Wallis test). (Continued )
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(P=0.001), and eosinophils (P<0.001; Figure 3B through 
3F). We further characterized the immunophenotype of 
the monocytes and found a minor reduction in MHC-II 
expression in the Ly6C+CCR2+ subset but no changes 
in the efferocytosis markers MerTK and CD206 (Figure 
S2E through S2J). The T-cell subpopulations were also 
affected by the treatment. Total CD4+ (P=0.025) but not 
CD8+ T cells decreased with mCAN10 treatment (Fig-
ure 3G and 3H). IL1Ra lowered the number of cardiac 
neutrophils to the same levels as mCAN10; however, this 
effect did not reach statistical significance compared 
with the PBS control group (Figure 3D). In summary, 
mCAN10 reduced cardiac immune cell infiltration more 
broadly compared with IL-1 blockade alone in the CVB3 
myocarditis model at 10 d.p.i.

mCAN10 Reduces Abnormal Bone Marrow 
Leukocyte Production During Acute CVB3 
Myocarditis
During cardiovascular disease, inflammatory mediators 
produced in the heart and vessel walls, including IL-1β, 
stimulate leukocyte production in the bone marrow fol-
lowed by recruitment to sites of inflammation. This estab-
lishes a pathological feed-forward loop that contributes 
to disease progression.33 To investigate whether IL1RAP 
blockade could blunt the increased generation of inflam-
matory cells in the bone marrow during CVB3 myocardi-
tis, we performed flow cytometry analysis of femur bone 
marrow at 10 d.p.i. (n=10 per group). The gating strategy 
is presented in Figure 4A and Figure S3A. Compared 
with PBS-treated animals, the mice receiving mCAN10 
displayed significantly reduced numbers of several bone 
marrow progenitors, including global numbers (Lin-
eagenegCD45+), LineagenegSca-1+c-Kit+ progenitors, and 
its hematopoietic stem cell subset (CD135−CD150− 
hematopoietic stem cell). We also observed less Sca-1−c-
Kit+ progenitors, in both their IL7R+ lymphoid (common 
lymphoid progenitors) and myeloid differentiation paths. 
Common myeloid progenitors (CD16/32−CD34+) and 
granulocyte-monocyte precursors (CD16/32+CD34+) 
were reduced by the treatment (Figure 4B through 4J). 
The numbers of LineagenegSca-1+c-Kit+ and hemato-
poietic stem cell progenitors were significantly lower in 
mCAN10-treated compared with IL1Ra-treated mice 
(Figure 4C and 4D). Importantly, treating naive BALB/
cJ mice with mCAN10 did not affect the numbers of 

steady-state bone marrow progenitors (Figure S3B), 
indicating that mCAN10 only affects the abnormal 
inflammation-induced hematopoiesis in diseased mice.

We also investigated the effects of mCAN10 on serum 
cytokines and splenic cell populations (Ly6C+ monocytes, 
CD4 and CD8 T cells, NK (natural killer) cells, B cells, 
ILC2, neutrophils, and eosinophils) in mice with CVB3 
myocarditis. None of these parameters differed signifi-
cantly between treatment groups (data not shown).

In conclusion, the mCAN10 treatment does not affect 
steady-state hematopoiesis but reduces the inflamma-
tory cell population precursors in the bone marrow during 
acute viral myocarditis.

mCAN10 Reduces the Inflammatory Cardiac 
Immune Landscape During Viral Myocarditis
To gain a deeper understanding of how mCAN10 treat-
ment affected CVB3 myocarditis at the molecular level, 
we studied the cardiac immune landscape modifications 
exerted by IL1RAP blockade, by using the 10× Genom-
ics Visium spatial transcriptomics platform. Archived 
formalin-fixed, paraffin-embedded, H&E-stained slides 
from the acute CVB3 myocarditis experiments were 
used, selecting mice with representative CVB3 myocar-
ditis severity scores and flow cytometry parameters for 
each treatment.

We performed uniform manifold analysis and pro-
jection clustering of spatially localized gene expression 
spots. This analysis identified a uniform manifold analysis 
and projection cluster that contained the majority of the 
spatial spots that expressed Ptprc (CD45), Ccr2, Fcgr3 
(CD16), and Lck, among other canonical gene mark-
ers of inflammatory leukocyte populations (Figure S4A). 
Thus, this cluster was considered to represent the inflam-
matory foci. This cluster was smaller in mCAN10-treated 
hearts compared with control treatments (Figure 5A).

Next, we leveraged spatial transcriptomics to visual-
ize the histological areas where immune-related genes 
and pathways were expressed in the inflamed hearts 
and compared them across all 4 treatment groups (Fig-
ure 5B). Ccr2 localized primarily to the foci of inflam-
mation and was expressed less and in fewer spots in 
mCAN10 hearts than in all controls (P<0.001; Figure 5B 
through 5D), while IL1Ra-treated mice presented an 
intermediate phenotype. The canonical NFκB path-
way was broadly expressed in control treatment hearts 

Figure 2 Continued. Data are presented as mean±SD. C, Representative H&E-stained heart sections of all treatment groups. Top, 1×, scale 
bar=200 μm; bottom: 20×, scale bar=50 μm. D, Representative M-mode echocardiography strips. x axis: large ticks=0.1 s. y axis: ticks=1 
mm. E, Left ventricular ejection fraction for each treatment group. Data are presented as mean±SD. F, Left ventricular end-systolic volume. Data 
are presented as mean±SD. G, Percent body weight change, intergroup differences analyzed by 2-way ANOVA, the P value for interaction 
between treatment and time is shown on graph. H and I, Heart weight/body weight and spleen weight/body weight ratios, respectively. B, E, 
F, H, and I, Kruskal-Wallis test with Dunn multiple pairwise comparisons. P values are presented only where the difference between the groups 
was significant or where there was a trend. All other intergroup comparisons were nonsignificant. CVB3 indicates coxsackievirus B3; H&E, 
hematoxylin and eosin; IVS, interventricular septum; LV, left ventricle; LVIDd, left ventricular internal diameter, diastole; LVIDs, left ventricular 
internal diameter, systole; and LVPW, left ventricular posterior wall.
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with viral myocarditis, and while it was enriched in the 
inflammatory foci, it was activated also in neighboring 
areas without histologically apparent immune popula-
tion restriction (Figure 5B). mCAN10 treatment greatly 
reduced areas showing NFκB pathway gene expres-
sion, and these were primarily located to the immune foci 
themselves.

To further investigate the observed therapeutic effects 
of mCAN10 treatment, we used the SPADE analysis to 
identify spatially variable genes between mCAN10 and 
the isotype control. We further focused our analysis to 
compare immune foci (CD45+ spots) and fibroblasts 
(Pdgfra+ Ptprc− spots) separately and independently. 
Downstream signaling components of IL1RAP, such as 

Irak2, were downregulated in immune foci, while MAP3k6 
was downregulated in fibroblasts (Figure 5F). Addition-
ally, the mCAN10 treatment impacted IFN-specific STAT 
expression, such as Stat1 and Stat2, which was down-
regulated in the mCAN10-treated immune foci. Stat4 
was also downregulated in the fibroblasts of mCAN10-
treated hearts (Figure 5F). Importantly, immune foci 
expressed less chemokine genes such as Ccl6, Ccl8, 
Cxcl5, and Cxcl10, while fibroblasts expressed less Ccl5 
and Cxcl10 in mCAN10-treated hearts (Figure 5F). 
Finally, MHC-II antigen presentation genes such as H2-
Ab1 and H2-Eb1 were downregulated in immune foci 
and fibroblasts in heart of mice treated with mCAN10 
compared with their isotype counterparts (Figure 5F).

Figure 3. mCAN10 reduces cardiac immune populations during acute viral myocarditis.
A through H, Mice were infected with CVB3 and treated with mCAN10, isotype control, IL1Ra (interleukin-1 receptor antagonist), or PBS 
for 10 days. Flow cytometry was used to quantify immune populations in the heart, expressed as cell numbers per milligram of cardiac tissue 
(mCAN10, IL1Ra, and PBS, n=10; isotype, n=8). F, Average composition of immune cell populations for each treatment group. Bar size 
is proportional to cell number per milligram of the heart tissue. 1 cm2=40 cells/mg. A through H, Data are representative of 2 independent 
experiments, only 1 of which is shown. A through E, G, and H, Kruskal-Wallis test with Dunn multiple pairwise comparisons. P values are 
presented only where the difference between the groups was significant. All other intergroup comparisons were nonsignificant. CVB3 
indicates coxsackievirus B3; ILC2, innate lymphoid cells type 2; and NK, natural killer.
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Figure 4. mCAN10 decreases inflammatory leukocyte precursors in the bone marrow during acute viral myocarditis.
Mice were infected with CVB3 and treated with mCAN10, isotype control, IL1Ra (interleukin-1 receptor antagonist), or PBS for 10 days (n=10 
per group). A, Diagram of bone marrow progenitor population differentiation. B through I, Flow cytometry was used to quantify bone marrow 
precursor populations, expressed as cell numbers per femur, at day 10 post-infection. J, Average composition of bone marrow progenitor cell 
populations for each treatment group. Size is proportional to cell number per femur, 1 cm2=6.01×104 cells/mg. Kruskal-Wallis test with Dunn 
multiple pairwise comparisons. P values are presented only where the difference between the groups was significant. All other intergroup 
comparisons were nonsignificant. CLP indicates common lymphoid progenitor; CMP, common myeloid progenitor; CVP3, coxsackievirus 
B3; GMP, granulocyte-monocyte precursor; HSC, hematopoietic stem cell; Lin, lineage; LK, LineagenegSca-1−c-Kit+ precursor; LSK, 
LineagenegSca-1+c-Kit+ precursor; MEP, megakaryocyte-erythrocyte precursor; and MPP, multipotent progenitor.
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Figure 5. mCAN10 reduces inflammatory gene signaling in cardiac immune foci.
A, UMAP clustering of spatial transcriptomics gene sequencing spots of acute viral myocarditis heart slides from each treatment group (each 
group, n=1 slide). The dashed line indicates the cluster corresponding to manually annotated inflammatory foci spots. B, Visualization of 
expression of selected genes and pathways in cardiac tissue during acute viral myocarditis. Immune foci are recognized in H&E stains and 
circled in red dashed lines, which were overlaid on the spatial gene expression images. Scale bar=1 mm. C through E, Quantification of spatial 
gene expression data. C, Percentage of Ccr2-expressing pixels in the delineated immune foci. D and E, Quantification of gene or gene pathway 
expression levels. Data are represented as mean±SD. F, SPADE analysis was utilized to compare 10× Genomics Visium spatial transcriptomic 
data sets between H&E-stained slides from mCAN10-treated and isotype-treated mice on day 10 post-infection. The SPADE analysis focused 
on 4 molecular pathways: IL (interleukin)-1 downstream signaling, type 1 IFN (interferon) downstream signaling, proinflammatory response, and 
MHC-II antigen presentation. The plots show genes differentially downregulated in mCAN10-treated immune foci-specific spots or fibroblast-
specific spots relative to their isotype-treated counterparts, stratified by the molecular pathway. Genes differentially expressed in (Continued )
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We next investigated cell-cell communication. Com-
munication through CCL chemokines demonstrated a 
communication direction toward inflammatory foci (Fig-
ure S4B), facilitating immune cell infiltration by che-
mokine receptor–expressing leukocytes (eg, CCR2+ 
monocytes). We also visualized and quantified areas of T 
helper cell least (Th) 1, Th2, and Th17 response genes. 
mCAN10 treatment also reduced these responses, high-
lighting the broad anti-inflammatory properties of con-
comitant IL-1, IL-33, and IL-36 blockade (Figure S4C).

IL1RAP Blockade With mCAN10 Protects 
Against EAM
To investigate the therapeutic potential of mCAN10 in 
ameliorating long-term cardiac dysfunction in myocardi-
tis, we used the experimental mouse model of chronic 
autoimmune myocarditis (EAM). We induced EAM in 
mice by immunization with the αMyHC peptide in com-
plete Freund adjuvant on days 0 and 7. Treatment with 
mCAN10, anti-IL-1β antibody, or controls was initiated 
on day 7, at the time of the booster immunization (n=10 
mice per group). Echocardiography was performed on 
days 0, 28, and 42 to analyze the effects of the treat-
ments on long-term cardiac function (Figure 6A). Com-
pared with the mouse IgG2a isotype control group, 
mCAN10-treated animals had preserved EF on day 28 
(58.2% versus 52.7%; P=0.002) and day 42 (56.5% 
versus 51.0%; P=0.002; Figure 6B through 6D; Figure 
S5A). The anti-IL-1β treatment also led to improved EF 
compared with its isotype control (day 28: 54.7% ver-
sus 50.7%, P=0.021; day 42: 51.4% versus 48.2%, 
P=0.067; Figure 6B). The mCAN10-treated mice also 
had significantly higher EF compared with mice receiv-
ing anti-IL-1β treatment (day 28: 58.2% versus 54.7%, 
P=0.044; day 42: 56.5% versus 51.4%, P=0.003; Fig-
ure 6B). The left ventricular stroke volume and cardiac 
output were also best preserved in mice receiving anti-
IL1RAP (Figure S5B and S5C). The heart rate did not 
differ among the different treatment groups across the 
duration of the experiment (Figure S5D). In subsequent 
experiments, we assessed whether treatment with IL1Ra 
or general immunosuppression by prednisone can repro-
duce the therapeutic effects of mCAN10. Neither treat-
ment was able to improve long-term cardiac function in 
the EAM model (Figure S5E and S5F).

To characterize the effects of mCAN10 on the 
inflammatory infiltrate in the myocardium, we quan-
tified the presence of macrophages and neutrophils 
on day 21 by immunohistochemistry (n=6–8 per 
group). We found fewer CD68+ macrophages in the 

hearts of mCAN10-treated animals compared with 
isotype (P=0.056) or PBS (P=0.034; Figure 6E; Fig-
ure S5G). Ly6G+ neutrophils were significantly lower 
in the mCAN10 group compared with the anti-IL-1β 
group on day 42 post-induction (P=0.013; Figure 6F;  
Figure S5H).

To study whether IL1RAP blockade maintains effi-
ciency in already established myocarditis, we delayed the 
start of the treatments until day 14 (Figure 6G; n=10 
mice per group). We assessed the inflammatory infiltrate 
by H&E and myocardial fibrosis by Masson trichrome 
staining on day 42. mCAN10 reduced myocarditis sever-
ity (1.0 versus 2.0 in isotype controls, P<0.001; and 1.7 
in PBS-treated mice, P=0.014) and cardiac fibrosis 
(9.3% versus 12.3% in isotype controls, P=0.026; and 
11.2% in PBS-treated mice, P=0.032; Figure 6H and 
6I). The delayed mCAN10 treatment also prevented EF 
deterioration compared with the isotype controls and the 
PBS group (Figure 6J).

DISCUSSION
Myocarditis is an inflammatory disease of the heart 
that can lead to rapid degradation of cardiac func-
tion, in some cases necessitating circulatory support 
or heart transplantation.34 Patients who develop car-
diac dysfunction and fibrosis have a 50% 10-year sur-
vival rate.35 Treatments are primarily supportive, with 
end-stage disease ultimately requiring heart trans-
plant in the most severe cases. Immunosuppressive 
therapies have been used for treatment of giant-cell 
myocarditis and improved overall and transplant-free 
survival.36 However, biological treatments that spe-
cifically address the immune cross-communication 
networks involved in the pathogenesis of myocardi-
tis are missing. In this regard, cytokine-neutralizing 
antibodies have revolutionized the therapy of many 
inflammatory conditions.37 The anti-IL-1β antibody 
canakinumab is a recent example of successful trans-
lation of this concept to cardiovascular pathology.8 In 
myocarditis, several case reports have shown a ben-
eficial effect of IL-1 inhibition using anakinra in severe 
forms of the disease.38,39 The recently concluded ARA-
MIS trial (Androgen Receptor Antagonizing Agent for  
Metastasis-Free Survival) included patients with acute 
myocarditis treated with anakinra during hospitalization 
to reduce myocarditis complications.40 The trial was 
neutral due to the low incidence of complications in the 
majority of the participants, underlying the importance 
of adequate selection of deteriorating patients in need 
of immunomodulation.

Figure 5 Continued. immune foci-specific spots are shown in red, and genes differentially expressed in fibroblast-specific spots are shown 
in green. P values are presented only where the difference between the groups was significant. All other intergroup comparisons were 
nonsignificant. H&E indicates hematoxylin and eosin; MCH-II, major histocompatibility complex class II; SPADE, Spatial Deconvolution for 
Domain Specific Cell-Type Estimation; and UMAP, uniform manifold approximation and projection.
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Figure 6. IL1RAP (interleukin-1 receptor accessory protein) blockade reduces the severity of experimental autoimmune 
myocarditis and preserves heart function.
A, EAM was induced by immunization with αMyHC (α-myosin heavy-chain peptide) in CFA on days 0 and 7. The mCAN10 and anti-IL 
(interleukin)-1β antibodies, their respective control isotypes, or PBS were administered intraperitoneally twice a week starting on day 7, at 
the time of the booster immunization (n=10 per group). B, Change in left ventricular EF from baseline to days 28 and 42 post-induction, 
2-way repeated measures ANOVA (P<0.001). The P values above the data points refer to comparisons between the mCAN10 and anti-IL-
1β treatment groups and their respective isotype controls by Fisher LSD post hoc test. Data are presented as (Continued )
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We identified IL1RAP as a promising treatment target 
in myocarditis, with a central role in myocardial inflamma-
tion. We propose that IL1RAP blockade could be a good 
therapeutic approach to block IL-1 signaling in myocar-
ditis, with additional anti-inflammatory effects provided 
by simultaneous neutralization of IL-33 and IL-36.21 We 
found that blockade of IL1RAP by the mCAN10 antibody 
provided protection against viral and autoimmune myocar-
ditis in mice. The treatment reduced myocardial inflamma-
tion and progression to fibrosis and significantly improved 
long-term cardiac function in the chronic EAM model.

In line with our hypothesis, IL1RAP neutralization 
affected the majority of the cardiac immune populations 
studied. In our CVB3 studies, IL1Ra treatment did not 
recapitulate the disease improvement that was seen in 
previously published preclinical studies of IL-1 signaling 
in CVB3 myocarditis.19,20 This discrepancy may be due 
to the different methods of viral myocarditis induction, 
different animal strains used, and different methods of 
targeting IL-1 signaling. Treatment with anti-IL-1β anti-
bodies was not as effective as mCAN10 in EAM, indi-
cating that synergistic coblockade of IL-33 and IL-36 
amplifies the immunomodulatory and anti-inflammatory 
effects. This hypothesis is supported by studies using 
MyD88 knockout mice. MyD88 is a downstream fac-
tor of several toll-like receptor pathways but also of the 
IL1RAP-dependent IL-1, IL-33, and IL-36 signaling cas-
cades. In line with our data, genetic knockout of MyD88 
resulted in protection against CVB3 viral myocarditis.18

There is additional evidence indicating that IL-33 and 
IL-36 blockade could contribute to the beneficial effects of 
IL1RAP blockade in myocarditis. The reduction of neutro-
phils with mCAN10 was likely aided by concomitant IL-36 
blockade, a cytokine with an emerging role in neutrophilic 
infiltration in lung41 and skin42 inflammatory diseases, 
among others. A previous study found that neutralization of 
IL-38, a naturally occurring IL-36 antagonist, exacerbates 
CVB3 myocarditis,15 indirectly indicating that IL-36 block-
ing contributes to disease amelioration by mCAN10. We 
and others have previously described the pathogenic role 
of IL-33 in inducing eosinophilic myopericarditis.10,43 After 
ischemic or immune damage to the heart, Sca-1+ inflam-
matory cardiac fibroblasts secrete IL-33, which activates 
cardiac resident ILC2s.12 ILC2s, in turn, produce IL-5 and 
IL-13, which cause cardiac fibroblasts to secrete eotaxin 

that induces eosinophilic chemotaxis.11,12,43 IL1RAP block-
ade reduced the infiltration of eosinophils into CVB3-
infected hearts, likely by direct effects on eosinophils 
but potentially also by disrupting the fibroblast-ILC2 axis. 
IL-33 induces alternative macrophage activation by rewir-
ing their cellular metabolism to uncouple the respiratory 
chain, which results in GATA3 (GATA binding protein 
3) activation.44 Alternatively activated macrophages aid in 
necrotic cell clearance, inflammation resolution, and tis-
sue repair with protective effects in CVB3 myocarditis.45 
While mCAN10 blocks IL-33 signaling, it did not decrease 
mannose receptor CD206 expression in macrophages, 
a marker of alternative activation. This suggests that 
IL1RAP blockade did not affect macrophage polarization, 
perhaps due to concomitant blockade of other proinflam-
matory signals given via IL1RAP.

Cardiovascular insults augment myelopoiesis and 
granulopoiesis, and the resulting increase in systemic 
inflammatory leukocytes accelerates cardiovascular dis-
ease. IL-1β is one of the most important signals that 
accelerate these processes. IL-1β production in athero-
sclerotic plaques induces pathogenic leukocyte prolifera-
tion in the bone marrow, and IL-1β or NLRP3 (NOD-like 
receptor family pyrin domain containing 3) inflammasome 
inhibition dampens this phenomenon.33 Myocardial infarc-
tion results in NLRP3 inflammasome activation of neu-
trophils in the heart, which reverse migrate to the bone 
marrow where they secrete local IL-1β, driving granulo-
poiesis.46 mCAN10 reduced the number of cardiac neu-
trophils, possibly by similar IL-1β–blocking mechanisms.

Spatial transcriptomics has been previously validated 
to characterize inflammatory gene expression patterns in 
murine reovirus myocarditis47,48 but not yet during CVB3 
myocarditis. Our spatial gene expression studies revealed 
important reduction in the expression of canonical inflam-
matory genes and pathways with mCAN10 treatment. 
We were able to localize their expression to the charac-
teristically patchy and disperse immune foci of acute viral 
myocarditis, enabling focused analysis in affected areas 
of the heart, as opposed to global analysis. One downfall 
of analyzing spatial transcriptomic data sets is the scar-
city of analytical tools that compare spatially variable genes 
across spatial transcriptomic slides. However, the new 
SPADE analytical tool was recently released, enabling the 
comparative analysis of variable genes between 2 spatial 

Figure 6 Continued. mean±SD. C and D, Comparison of EF ratio between groups at days 28 and 42 post-EAM induction, expressed as the 
proportion of baseline EF. E, Myocardial infiltration of CD68+ (cluster of differentiation 68) macrophages on day 21. F, Myocardial infiltration of 
Ly6G+ (lymphocyte antigen 6 complex, locus G) neutrophils on day 21. G, For the delayed treatment experiment, treatment was started on day 
14 post-induction using the same treatment regimen as in A (mCAN10, n=11; isotype and PBS groups, n=10). H, Comparison of myocarditis 
severity score between treatment groups on day 42. I, Comparison of myocardial fibrosis among treatment groups on day 42, expressed as the 
percentage of left ventricular area. J, Comparison of EF ratio between groups, expressed as the proportion of baseline EF, on days 28 and 42 
post-EAM induction. Data are presented as individual data points and median value for each group, except for B. Between-group comparisons 
were performed by the Kruskal-Wallis test with Dunn multiple comparisons post hoc test. P values are presented only where the difference 
between the groups was significant or where there was a clear trend. All other intergroup comparisons were nonsignificant. CD68 indicates 
cluster of differentiation 86; CFA, complete Freund adjuvant; EAM, experimental autoimmune myocarditis; EF, ejection fraction; LSD, least 
significant difference; and Ly6G, lymphocyte antigen 6 complex locus G6D.
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transcriptomic slides.49 Interestingly, mCAN10 led to a 
decline in expression of both IL-1 (Irak2) signaling and IFN 
signaling components (Stat1 and Stat2) within immune 
foci. The decline in Stat1 and Stat2 expression may be a 
secondary consequence of the overall decline in inflamma-
tion or of blocking IL-33 signaling, which augments IFNγ 
production by effector T cells.50–52 Furthermore, diminished 
Stat1 signaling could contribute to the observed decline in 
MHC-II–expressing monocytes seen by flow cytometry and 
spatial transcriptomics, as Stat1 signaling mediates IFNγ-
induced upregulation of MHC-II expression.53 Loss of local 
MHC-II expression on APCs and stromal cells could have 
contributed to the observed decline in CD4 responses.54 
Moreover, spatial gene expression analysis demonstrated 
that mCAN10 reduced expression of chemokines such 
as CCL5 (RANTES [regulated on activation normal T-cell 
expressed and secreted]), CCL8 (MCP-2), and CXCL10 
(C-X-C motif chemokine ligand 10; IP10 [interferon- 
inducible protein 10]), suggesting that the decrease in 
monocyte, neutrophil, and T-cell infiltrations at least par-
tially occurs through diminished chemokine activity.

In susceptible mice, acute EAM can progress to 
dilated cardiomyopathy. Our results demonstrated that 
mCAN10 protects EAM mice from cardiac dysfunction 
and even late administration provided treatment benefit. 
EAM mice develop dilated cardiomyopathy in an IL-17–
dependent fashion involving cardiac remodeling, fibrosis, 
and loss of contractility.55,56 CCR2+ cardiac macrophages 
secrete IL-1β post-myocardial infarction, which activates 
familial adenomatous polyposis fibroblasts to induce col-
lagen deposition, and these negative effects can be pre-
vented by an anti-IL-1β antibody.57 Ly6C+CCR2+ cardiac 
monocyte depletion protects from progression to dilated 
cardiomyopathy,55 and their reduction with mCAN10 
could contribute to the benefit of the treatment by reduc-
ing long-term fibrosis. Additionally, IL-1β induces IL-17 
production by CD4+ and γδ T cells.58 IL1RAP blockade 
could disrupt the IL-1–IL-17 axis, which is known to 
promote autoimmunity and fibrosis.59 A decrease in the 
Th17 transcriptional signature with mCAN10 treatment 
was observed in our spatial analysis, which may contrib-
ute to the cardioprotective properties of mCAN10.

We utilized 2 murine models of myocarditis, CVB3 myo-
carditis and EAM.16 EAM is a Th17-driven murine model 
of autoimmune myocarditis, mostly resembling giant-cell 
myocarditis in humans. We have previously shown that IL-
17A signaling to cardiac fibroblasts induces production 
of chemokines that drive the recruitment of neutrophils 
and inflammatory monocytes to the heart. This pathway is 
essential for the development of dilated cardiomyopathy 
and cardiac fibrosis.55,56,60 Th17 cell induction is largely 
driven by the IL-1 pathway. In contrast, CVB3 myocarditis 
is Th1 driven. The IL-1 family serves as crucial signaling 
molecules in both the innate and adaptive immune sys-
tems, playing a pivotal role in promoting cardiac inflam-
mation during myocarditis.18–20 Upon activation of innate 

immune responses, cytokines such as IL-33, IL-1, and 
IL-36 are rapidly released, signaling to both hematopoi-
etic and nonhematopoietic cells. The IL1RAP signaling 
stimulates the production of chemokines and cytokines 
and facilitates the recruitment of leukocytes to the heart, 
underscoring the important role of IL1RAP in innate 
immune response in myocarditis. However, later in the 
myocarditis timeline, as adaptive immune cells become 
predominant in cardiac inflammation, myeloid cells persist 
as a continuous source of IL-1β, IL-33, and IL-36. More-
over, IL-1 signaling extends to T cells, contributing to the 
polarization of Th17 cells. These Th17 cells produce pro-
fibrotic cytokines that drive cardiac remodeling and the 
progression of dilated cardiomyopathy, thus linking innate 
and adaptive immune responses in myocarditis. Despite 
the differences in the pathogenesis of EAM and CVB3 
myocarditis, we have shown that IL1RAP signaling con-
tributes to the pathogenesis of both these mice models 
and promote severe myocarditis.

Our study has a few limitations that should be consid-
ered. First, we used different mouse models to test treat-
ment efficacy in acute and chronic myocarditis. The EAM 
model has been chosen for chronic myocarditis to avoid 
potential bias induced by the death of the sickest ani-
mals in the EVB3 model. As the acute EVB3 myocarditis 
experiments were terminated on day 10, we were not 
able to assess the potential long-term beneficial effects 
of delayed mCAN10 treatment in this model or whether 
mCAN10 would interfere with viral clearance. Second, 
as the spatial transcriptomics analysis has not been per-
formed in EAM experiments, it remains to be determined 
whether similar pathways are affected by treatment in 
the acute phase of the disease as in the EVB3-infected 
mice. Finally, although the flow cytometry and spatial 
transcriptomics analyses have been performed in a stan-
dardized fashion, as described in Methods, we cannot 
completely exclude involuntary bias due to the identity 
of the groups being known to the observers. However, 
the validity of these analyses is supported by the results 
of the blinded histological, immunohistochemical, and 
functional analyses, which are in complete agreement. In 
addition, our study was completed only in males. Myocar-
ditis is more prevalent in men compared with women, and 
the same bias is seen in animal models of myocarditis; 
therefore, male mice were used in this study.61–63

In conclusion, we show that the IL1RAP-blocking 
monoclonal antibody mCAN10 has a broad and potent 
anti-inflammatory profile in viral and autoimmune myocar-
ditis, reducing myocardial inflammation and fibrosis and 
preserving cardiac function. A humanized anti-IL1RAP 
antibody (CAN10) blocking IL-1, IL-33, and IL-36 sig-
naling without eliciting FcR-mediated effector functions 
is currently undergoing testing in a phase 1 clinical trial 
on healthy subjects and subjects with plaque psoriasis 
(NCT06143371). This antibody holds promise as a poten-
tial future treatment for patients with severe myocarditis.
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