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ABSTRACT

Objectives Several studies indicate involvement of monocytes in the pathogenesis 
of adverse left ventricular (LV) remodelling following acute myocardial infarction 
(AMI). Hence, increased understanding of the monocyte response in AMI patients is 
needed, and may provide new clues for treatment. The goal of the present study is to 
identify characteristics of monocytes that relate to post-AMI adverse LV remodelling. 

Methods and results In 51 patients treated by primary percutaneous coronary 
intervention (PCI) the relative change in LV end-diastolic volume index (EDVi) 
from baseline to 4 months follow-up was assessed using cardiovascular magnetic 
resonance imaging (CMR) to quantify the extent of LV remodelling. From each 
patient, circulating monocytes were collected at day 5 [4-6] after primary PCI for 
transcriptome analysis. Transcriptional profiling and pathway analysis revealed that 
AMI patients with a higher increase in LV EDVi from baseline to 4 months follow-up 
showed attenuated type I interferon (IFN) signalling (type I IFN pathway: P-value 
<0.001; false discovery rate <0.001). Systemic levels of the type I IFN proteins, 
IFN-α and IFN-β, could not be detected in peripheral blood plasma following AMI, 
suggesting a cell-intrinsic difference in type I IFN signalling amongst patients. 
Furthermore, in patients that died after AMI, we observed local expression of IFN-α 
protein by monocytes/macrophages that infiltrated the infarcted myocardium.  
 
Conclusions Our findings reveal a link between adverse LV remodelling following 
AMI and attenuated type I IFN signalling in monocytes. This suggests that type I 
IFNs may beneficially influence the LV remodelling process in patients with AMI. 
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INTRODUCTION

Adverse left ventricular (LV) remodelling is an important cause of heart failure and 
cardiac death after acute myocardial infarction (AMI).1,2 This process is characterized 
by cardiomyocyte necrosis, apoptosis, secondary hypertrophy and finally fibrosis, 
which lead to changes in LV structure, geometry, volumes and function.3,4 Clinical 
studies have reported an association between adverse LV remodelling and post-
AMI monocytosis,5,6 indicating involvement of monocytes in the pathogenesis of 
adverse LV remodelling. Hence, increased understanding of the monocyte response 
in AMI patients is needed and may provide new clues for treatments that beneficially 
influence the LV remodelling process.  
 Upon AMI, monocytes are recruited to the site of infarction to promote 
removal of tissue debris and to stimulate repair.7 Although recruitment of monocytes 
is a prerequisite for proper infarct healing, excessive accumulation of activated 
monocytes in the myocardium, may deleteriously affect post-infarct healing, and 
thereby evoke adverse LV remodelling.8 Monocytes are a heterogeneous pool of 
cells. Not only do they consist of distinct subsets i.e. the classical, intermediate and 
nonclassical subset,9 but monocytes can also adapt their functional properties in 
response to tissue injury.10 In previous studies, we and others measured the levels 
of classical and nonclassical monocytes in blood of AMI patients, and demonstrated 
an association between the level of classical monocytes and functional outcome 
after AMI.11,12 In the present study, we investigated the transcriptome of circulation 
monocytes following AMI in patients to find genes and signalling pathways that relate 
to post-AMI LV remodelling, as measured by cardiovascular magnetic resonance 
imaging (CMR). In the present study we show evidence for involvement of type I 
interferon (IFN) signalling in the LV remodelling process following AMI.

METHODS

Patient study and procedures
The present study is an ancillary study of the HEBE study, of which the study design, 
procedures and main results have been reported previously.13-15 Briefly, the HEBE 
study was a multicenter, randomized trial, investigating the effect of intracoronary 
infusion of autologous bone marrow mononuclear cells (BMMC) and peripheral 
blood mononuclear cells (PBMC) after ST-segment elevation myocardial infarction 
(STEMI). A total of 200 patients with a first STEMI that were successfully treated 
with primary percutaneous coronary intervention (PCI) were included in this trial. All 
patients underwent baseline CMR at 3 days [3-4] after primary PCI, with a minimum 
of 2 days. Subsequently, patients were randomly assigned to BMMC therapy (n=69), 
PBMC therapy (n=66), or standard therapy (n=65). At 4-months follow-up, CMR was 
repeated. Peripheral blood was collected in heparin anticoagulant tubes at serial time 
points, and blood plasma was stored at -80°C until assayed. The trial did not show 
any effect of intracoronary infusion of BMMCs or PBMCs as compared to standard 
therapy with regard to the recovery of the regional and global systolic LV function, LV 
volumes or infarct size, as assessed by CMR.14
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 For this ancillary study, patients randomized to the PBMC group were 
selected. Whole blood was collected at a median of 5 days [4-6] after primary PCI. 
After preparation of the PBMC suspension using density gradient centrifugation,13,16 
a small portion of the PBMC cell suspension was immediately sent to the central 
cell-processing laboratory at Sanquin Research (Amsterdam, The Netherlands) and 
cryopreserved for further analyses. The study was conducted in accordance with the 
Declaration of Helsinki, and the study protocol was approved by Institutional Review 
Boards of the participating institutes. All patients gave informed consent. The trial was 
registered at the Netherlands Trial Register (#NTR166; www.trialregister.nl) and at the 
International Standard Randomized Controlled Trial register (#ISRCTN95796863; 
http://isrctn.org).

CMR imaging and data analysis
Patients were studied on a 1.5 (n=50) or 3.0 (n=1) Tesla clinical scanner. CMR 
acquisition and analyses were performed according to a standardized protocol 
which has been previously described.13,17 In short, contiguous short axis cine images 
were acquired every 10 mm covering the whole left ventricle from base to apex, 
using a segmented steady-state free precession pulse sequence. Late gadolinium-
enhanced (LGE) images were acquired 10 to 15 minutes after administration of 
a gadolinium-based contrast agent (0.2 mmol/kg Dotarem; Guerbet, Gorinchem, 
the Netherlands), using a 2D segmented inversion recovery gradient-echo pulse 
sequence, with slice position identical to the cine images. 
 Analyses of CMR data were performed in one core laboratory, blinded 
for data regarding monocyte characteristics, using dedicated software (Mass, 
Medis, Leiden, the Netherlands). LV volumes were measured on the cine images 
and indexed for body surface area. The change in LV end-diastolic volume index 
(EDVi) from baseline to 4 months follow-up was used as a measure of the extent 
of LV remodelling. LV ejection fraction was calculated. On LGE images, areas of 
hyperenhancement were defined using the full-width at half-maximum method.18 
Zones of microvascular obstruction, defined as central hypoenhanced areas within 
the hyperenhanced, myocardium, were manually outlined and included in the 
infarcted area to quantify the total infarct size.

Monocyte isolation and whole genome transcriptome analysis
Monocytes were isolated from the PBMC suspension using CD14 immunomagnetic 
microbeads (Miltenyi Biotec, Auburn, CA). Thereafter, isolated monocytes were 
lysed, and total RNA was micro-purified using the mirVana PARIS kit according to 
the manufacturer’s protocol (Ambion, Austin, TX). Subsequently, RNA was amplified 
and biotinylated using the Illumina TotalPrep RNA Amplification kit (Ambion), and 
samples were randomly hybridized to HumanHT-12 Expression BeadChips (Illumina, 
San Diego, CA) at ServiceXS (Leiden, The Netherlands), followed by scanning and 
feature extraction. 

Verification of gene array results by real-time RT-PCR 
RNA was reversed transcribed into cDNA, using the RevertAid H Minus First Strand 
cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). The mRNA expression 
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levels of IFIT1, MX2, CXCL10 and STAT1 were measured by real-time reverse 
transcriptase-polymerase chain reaction (RT-PCR; Supplemental Table S1). Gene 
expression levels were corrected for the expression level of GAPDH and displayed 
as relative expression values. 

   

Patients 

(n=51) 

 Decreased  

LV EDVi  

(n=14) 

Increased  

 LV EDVi  

(n=37) 

P- 

value 

Age (yr) 56±9  58±9 56±9 0.33 

Male gender 42 (82)  10 (71) 32 (87) 0.24 

Coronary risk factors      

   Diabetes mellitus 5 (10)  1 (7) 4 (11) >0.99 

   Hypertension 10 (20)  0 (0) 10 (27) 0.045 

   Family history of coronary heart   

   disease 23 (45)  4 (29) 19 (51) 0.21 

   Hypercholesterolemia 11 (22)  4 (29) 7 (19) 0.47 

   Current smoking 27 (53)  8 (57) 19 (51) 0.46 

Angiography and infarct treatment      

   Time from symptom onset to  

   reperfusion (hr) 3.0 [2.1–4.8]  3.3 [2.4-5.0] 3.0 [2.2-4.7] 0.74 

   Infarct-related artery     0.30 

      Left anterior descending artery 34 (67)  7 (50) 27 (73)  

      Left circumflex artery 5 (10)  2 (14) 3 (8)  

      Right coronary artery 12 (24)  5 (36) 7 (19)  

   Multivessel disease 15 (30)  7 (50) 8 (22) 0.08 

Cardiovascular magnetic resonance  

imaging 

     

   Baseline LV EF (%) 42±10  44±8 41±10 0.32 

   Baseline LV EDVi (mL/m2) 98±16  103±15 96±16 0.18 

   Baseline LV ESVi (mL/m2) 58±17  58±15 58±17 0.91 

   Baseline infarct size (% of LV) 18±9  14±10 20±9 0.08 

Cell characteristics      

   Monocytes (*106/L) 726±215  694±182 739±227 0.51 

 

Table 1 Patient characteristics at baseline

Values are expressed as number (%), mean±SD, or median [25th–75th percentile]. LV EF denotes left 
ventricular ejection fraction; LV EDVi, left ventricular end-diastolic volume index; LV ESVi, left ventricular 
end-systolic volume index.
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Enzyme-linked immunoadsorbent assays
The protein levels of IFN-α and IFN-β in heparin anti-coagulated peripheral blood 
plasma were measured in 8 patients at different time points (before primary PCI, 
and at day 2, 4 and 6, and 1 and 4 months after primary PCI), using enzyme-linked 
immunoadsorbent assays kits (ELISA; PBL Interferon Source, Piscataway, NJ).

Human myocardial tissue collection
Myocardial tissue specimens were collected from 4 patients that were referred to the 
department of Pathology, VU University Medical Centre (VUmc), Amsterdam, the 
Netherlands. Autopsy was performed within 24 hours after death. All 4 patients showed 
recent AMI with an infarct age of 5-14 days old, as identified by macroscopically 
decreased lactate dehydrogenase staining of the infarcted myocardial tissue, 
and the infiltration of lymphocytes and macrophages and formation of granulation 
tissue on histological examination. From each patient, myocardial tissue specimens 
were obtained from the infarct zone (left ventricle) and from the noninfarcted zone 
(right ventricle). The tissue specimens were formalin-fixed and paraffin-embedded 
for immunohistochemical analyses. From one patient, part of the tissue was snap 
frozen, and stored at -196˚C (liquid N2) for immunoblotting. This autopsy study 
was conducted in accordance with the Declaration of Helsinki. The study protocol 
(CASIMIR) was approved by Research Committee of the Department of Pathology 
of the VUmc. Use of autopsy material after completion of the diagnostic process is 
part of the patient contract in the VUmc.

Immunohistochemistry 
Deparaffinized and rehydrated sections of myocardium were incubated in methanol/
H2O2 (0.3%) for 30 minutes to block endogenous peroxidases. Subsequently, 

Figure 1 The change in LV EDVi from baseline to 4 months follow-up. P-value was calculated with paired 
Student’s t test. FU denotes follow-up; LV, left ventricular.
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antigen retrieval was performed by heating in Tris-EDTA buffer (pH 9.0). Sections 
were then incubated with mouse anti-human IFN-α (clone C10F5; 1:200; AbD 
Serotec, Düsseldorf, Germany). The immunostaining was revealed by using the 
EnVision Detection kit (Dako, Copenhagen, Denmark) and staining was visualized 
using 3,3’-diaminobenzidine (DAB, 0.1 mg/ml, 0.02% H2O2). Finally, sections were 
counterstained with haematoxylin, dehydrated and covered. For the negative 
controls the primary antibody was replaced by appropriate isotype controls. These 
sections were all found to be negative (data not shown). 

Western blot 
To confirm specificity of the mouse anti-human IFN-α antibody (clone C10F5; 1:200; 
AbD Serotec), immunoblotting was performed on tissue lysates of infarcted and 
noninfarcted myocardium. Tissue was extracted using RIPA buffer supplemented 
with protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). One 
sample of noninfarcted myocardium was spiked with recombinant human IFN-α2A 
(Merck, Darmstadt, Germany). Per sample, 20 ug of protein was separated on a 
12.5% SDS-PAGE and transferred to nitrocellulose. For immunoblot analysis the 
Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, AK, USA) was 
used according to the manufacturer’s procedures. 

Statistical analysis
Data with normal distribution are expressed as mean±SD, and data with non normal 
distribution are given as median value [25th–75th percentile]. Categorical data are 
presented as number (%).To test for differences between groups, the Student’s t test 
was used for data with a normal distribution and the Mann-Whitney U test was used 
for data with a non-normal distribution. The Fisher’s exact test or the chi-square test 
was used for testing associations between categorical data. A two-sided P-value 
<0.05 was considered statistically significant. Statistical analysis was performed with 
Statistical Package for Social Sciences software (SPSS 16.0 for Windows, SPSS 
Inc). 
 For transcriptome analysis, bead summary intensities were log2-
transformed and quantile normalized using the limma package19 and scripts in R/
Bioconductor.20,21 Statistical analysis for microarray data (SAM) was used to identify 
genes that associated with the relative change (decrease or increase in LV EDVi), 
and infarct size (below and above median) and presence of microvascular obstruction 
at baseline.22 We performed pathway analysis on the relative change in LV EDVi 
as continuous variable in SAM, using the gene sets from the molecular signatures 
database provided by the Broad institute, Cambridge, MA (gene set C2 version 3.0, 
containing 3272 gene sets).23,24 Genes and pathways with a P-value <0.05 and a 
false discovery rate <5% were considered significant. RVista was used to analyse 
transcription factor binding sites of genes that were significantly associated with the 
relative change in LV EDVi, using the conserved sequences of the human Transfac 
2006 database for the analysis of the 500 base pair upstream regulatory regions.25
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RESULTS

Patient characteristics
We aimed to identify monocyte characteristics that relate to adverse LV remodelling in 
patients after AMI. To this end, we performed transcriptome analysis of the circulating 
monocytes in 51 AMI patients, which were collected at a median of 5 days [4-6] after 
primary PCI. In each patient, the relative change in LV end-diastolic volume index 
(EDVi) from baseline to 4 months follow-up was assessed using cardiovascular 
magnetic resonance (CMR) imaging to quantify the extent of LV remodelling. Table 
1 shows the baseline characteristics of the study population. The mean age of the 
study population was 56±9 years, 82% was male, and the median time from onset of 
symptoms to reperfusion was 3.0 [2.2–4.8] hours. Mean baseline LV ejection fraction 
was 42±10% and mean infarct size was 18±9% of the left ventricle. A marked variety 
was observed in the change of LV EDVi from baseline to 4 months follow-up amongst 
patients (Figure 1). The LV EDVi increased from 98±16 mL/m2 at baseline to 104±22 
mL/m2 at follow up (P=0.01), with a relative change in LV EDVi of 6±15% (Figure 1). 
At 4 months follow-up, 37 patients (73%) showed an increase in LV EDVi. Table 1 
also shows the baseline characteristics of the study population after stratification by 
the change in LV EDVi (decrease or increase).

Patients with adverse LV remodelling show attenuated type I IFN signalling
To find genes that were significantly associated with adverse LV remodelling 
following AMI, we compared the transcriptome of monocytes between patients with 
a decreased LV EDVi and patients with an increased LV EDVi at 4 months follow-
up. Whole genome transcriptome analysis revealed a total of 47 probes (45 unique 
genes) that were significantly differentially expressed between these two groups 
(Table 2). All significant genes were expressed at lower levels in patients with an 
increased LV EDVi.  Amongst these were several IFN response genes. Verification 
of gene array expression data by real-time RT-PCR was performed for a selection 
of IFN response genes and agreed with the gene array data (Table 3). Notably, 
results were comparable when the change in LV EDVi was analyzed as a continuous 
variable (data not shown).  
 Next, we performed transcriptome analysis on the pathway level. The top 10 
significant pathways (sorted by score) were all expressed at lower levels in patients 
with an increased LV EDVi, and were all related to IFN signalling (Table 4). The 
most significant pathway was the MOSERLE_IFNA_RESPONSE pathway (P-value 
<0.001; false discovery rate <0.001), containing 50 genes that are upregulated in 
ovarian cancer progenitor cells in response to the type I IFN, IFN-α.26 Figure 2 shows 
the expression of this type I IFN signalling pathway in relation to the change in LV 
EDVi, visualized in a heatmap. 
 Furthermore, analysis of transcription factor binding sites of genes that 
were expressed at significantly lower levels in patients with an increased LV EDVi 
revealed transcription factor binding motifs involved in IFN signalling, corroborating 
above findings (Table 5). 
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List of genes that are differentially expressed between patients with an 
increased and patients with a decreased LV EDVi at 4 months after AMI. 
All genes were lower expressed in the patients with an increased LV EDVi.

Table 2 List of differentially expressed genes

Symbol Gene Score Ratio 

q-value 

 (%) 

AGRN agrin -3.83 0.84 0.00 

HEG1 HEG homolog 1  -3.66 0.85 0.00 

SAMD9L sterile alpha motif domain containing 9-like  -3.62 0.62 0.00 

IFIT2 interferon-induced protein with tetratricopeptide repeats 2  -3.59 0.52 0.00 

LBA1 lupus brain antigen 1  -3.50 0.82 0.00 

SERPING1 serpin peptidase inhibitor. clade G (C1 inhibitor). member 1 -3.47 0.62 0.00 

GBP4 guanylate binding protein 4  -3.45 0.62 0.00 

CXCL10 chemokine (C-X-C motif) ligand 10  -3.39 0.61 0.00 

IFIT1 interferon-induced protein with tetratricopeptide repeats 1  -3.33 0.49 0.00 

SEPT4 septin 4  -3.33 0.81 0.00 

MX2 myxovirus (influenza virus) resistance 2  -3.32 0.64 0.00 

FTSJD2 FtsJ methyltransferase domain containing 2  -3.28 0.83 0.00 

PRIC285 peroxisomal proliferator-activated receptor A interacting 
complex 285  

-3.28 0.67 0.00 

DHX58 DEXH (Asp-Glu-X-His) box polypeptide 58 -3.23 0.75 0.00 

PARP9 poly (ADP-ribose) polymerase family. member 9  -3.21 0.67 0.00 

PARP14 poly (ADP-ribose) polymerase family. member 14  -3.19 0.74 0.00 

GIMAP5 GTPase. IMAP family member 5 -3.16 0.71 4.88 

IFI35 interferon-induced protein 35  -3.15 0.71 4.88 

STAT1 signal transducer and activator of transcription 1  -3.14 0.63 4.88 

HERC5 hect domain and RLD 5  -3.14 0.57 4.88 

IFIT3 interferon-induced protein with tetratricopeptide repeats 3  -3.10 0.53 4.88 

LOC55908 hepatocellular carcinoma-associated gene TD26  -3.07 0.90 4.88 

XAF1 XIAP associated factor 1  -3.06 0.61 4.88 

TAP1 transporter 1. ATP-binding cassette. sub-family B  -3.04 0.70 4.88 

HSPA6 heat shock 70kDa protein 6 (HSP70B') (HSPA6). mRNA. -3.02 0.72 4.88 

CCL8 chemokine (C-C motif) ligand 8  -3.01 0.78 4.88 

TAP2 transporter 2. ATP-binding cassette. sub-family B  -3.00 0.80 4.88 

RARRES3 retinoic acid receptor responder (tazarotene induced) 3  -3.00 0.76 4.88 

SAMD9 sterile alpha motif domain containing 9  -3.00 0.72 4.88 

GMPR guanosine monophosphate reductase  -2.99 0.83 4.88 

BST2 bone marrow stromal cell antigen 2  -2.99 0.81 4.88 

RSAD2 radical S-adenosyl methionine domain containing 2 -2.99 0.70 4.88 

WARS tryptophanyl-tRNA synthetase  -2.98 0.75 4.88 

GBP2 guanylate binding protein 2. interferon-inducible  -2.97 0.75 4.88 

PARP3 poly (ADP-ribose) polymerase family. member 3  -2.96 0.86 4.88 

C2 complement component 2  -2.96 0.83 4.88 

STAT1 signal transducer and activator of transcription 1 -2.95 0.66 4.88 

STAT1 signal transducer and activator of transcription 1 -2.94 0.66 4.88 

OAS1 2'.5'-oligoadenylate synthetase 1. 40/46kDa  -2.94 0.66 4.88 

ADAR adenosine deaminase. RNA-specific  -2.92 0.81 4.88 

BTN3A1 butyrophilin. subfamily 3. member A1  -2.92 0.80 4.88 

HERC6 hect domain and RLD 6  -2.91 0.79 4.88 

ANKRD22 ankyrin repeat domain 22  -2.90 0.73 4.88 

C1QC complement component 1. q subcomponent. C chain  -2.89 0.75 4.88 

UBE2L6 ubiquitin-conjugating enzyme E2L 6  -2.88 0.74 4.88 

NR1H3 nuclear receptor subfamily 1. group H. member 3  -2.87 0.80 4.88 
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Genes associated with the extent of myocardial injury
Infarct size and the presence of microvascular obstruction have been shown to 
predict adverse LV remodelling following AMI.27 Accordingly, we investigated the 
association between the identified genes (see Table 2), and infarct size and presence 
of microvascular obstruction at baseline. Importantly, none of the identified genes 
that associated with the change in LV EDVi was significantly associated with infarct 
size or presence of microvascular obstruction at baseline (data not shown).
   
Type I IFN proteins could not be detected in peripheral blood plasma following 
AMI
Having demonstrated that adverse LV remodelling following AMI is associated with 
attenuated type I IFN signalling in monocytes, we measured the levels of the type I 
IFNs IFN-α and IFN-β in peripheral blood plasma of 8 patients at different time points 
after AMI (admission, 2, 4 and 6 days, and 1 and 4 months after AMI) using ELISA. 
However, neither IFN-α nor IFN-β could be detected at any of the time points (data 
not shown), suggesting a cell-intrinsic difference in type I IFN response.

IFN-α protein localizes in the infarcted myocardium after AMI in patients 
Next, we performed immunohistochemical analysis of infarcted myocardium of 
patients that died between 5 and 14 days after AMI. We found a highly localized 
presence of IFN-α protein within the granulation tissue of the infarct zone (Figure 
3A). IFN-β could not be detected (data not shown). IFN-α protein was predominantly 
expressed by monocytes/macrophages within the granulation tissue, but also by 
endothelial cells and lymphocytes, indicating involvement for IFN-α in healing and 
scar formation following AMI (Figure 3A).  Antibody specificity was confirmed by 
western blot (Figure 3B). Increased IFN-α expression was found in the infarcted 
myocardium as compared to the noninfarcted myocardium (n=1). 

Table 3 Verification of gene array results with real-time RT-PCR

   Gene array  RT-PCR 

Symbol Gene  Ratio FDR  Ratio P-value 

CXCL10 chemokine (C-X-C motif) ligand 10   0.61 0.00  0.42 0.001 

MX2 myxovirus (influenza virus) resistance 2   0.64 0.00  0.49 0.02 

IFIT1 interferon-induced protein with  

tetratricopeptide repeats 1  

 

     0.49 0.00       0.31 0.007 

STAT1 signal transducer and activator of  

transcription 1 

 

0.66 4.88  0.60 0.006 

 Lower expression of IFN response genes in patients with an increased LV EDVi at 4 months follow-up 
was confirmed using RT-PCR. FDR denotes false discovery rate.
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DISCUSSION

Here, we demonstrate an association between adverse LV remodelling following 
AMI in patients and attenuated type I IFN signalling. Transcriptome analysis of 
the circulating monocytes of patients with AMI revealed a lower expression of 
IFN response genes patients with an increased LV EDVi at 4 months follow-up, 
coinciding with a strong reduction of the type I IFN signalling pathway. Furthermore, 
we found in patients that died 5-14 days after AMI that IFN-α protein was locally 
expressed by monocytes/macrophages that infiltrated the infarcted myocardium. 
Taken together, these results reveal a link between adverse LV remodelling following 
AMI and attenuated type I IFN signalling, and suggest that type I IFNs, and hence, 
induction of type I IFN signalling, may beneficially influence the LV remodelling 
process following AMI in patients.  
 In patients, there is a marked difference in outcome following AMI. Adverse 
LV remodelling occurs in approximately 15-50 percent of the AMI patients, and is 
associated with heart failure and cardiac death.1,2 Monocytes have been implicated 
in the pathophysiology of adverse LV remodelling after AMI and the evolution of heart 
failure.8 Several clinical studies investigated the blood levels of monocyte subsets 
(i.e. the classical, intermediate and nonclassical subset) following AMI in patients, 
and reported an association with outcome.11,12,28 In these studies, the differential 
expression of only two or three monocyte surface markers was measured to quantify 
monocyte subsets. Here, we took a different approach and investigated the whole 
genome transcriptome of circulating monocytes following AMI to identify additional 
characteristics of the monocyte response that relate to the LV remodelling process. 
We found that particularly type I IFN response genes were expressed at lower levels 
in monocytes from patients with adverse LV remodelling, a finding that was verified 

Gene set name Score P-value FDR 

MOSERLE_IFNA_RESPONSE -3.33 0.000 0.000 

UROSEVIC_RESPONSE_TO_IMIQUIMOD -2.83 0.000 0.000 

ZHANG_INTERFERON_RESPONSE -2.74 0.000 0.000 

EINAV_INTERFERON_SIGNATURE_IN_CANCER -2.65 0.000 0.000 

BENNETT_SYSTEMIC_LUPUS_ERYTHEMATOSUS -2.5 0.000 0.000 

DAUER_STAT3_TARGETS_DN -2.37 0.000 0.000 

BROWNE_INTERFERON_RESPONSIVE_GENES -2.28 0.000 0.000 

RADAEVA_RESPONSE_TO_IFNA1_UP -1.87 0.000 0.000 

ZHU_CMV_8_HR_UP -1.74 0.000 0.000 

SANA_RESPONSE_TO_IFNG_UP -1.72 0.000 0.000 

 

Table 4 Pathway analysis

The change in LV EDVi was used as a quantitative parameter to identify significantly associated pathways. 
The top 10 significant pathways are listed (sorted by score). Patients with an increased LV EDVi at 4 
months follow-up showed attenuated type I IFN signalling. FDR denotes false discovery rate.
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Figure 2 Heat map showing the expression of genes of the MOSERLE_IFNA_RESPONSE pathway 
supervised by the change in LV EDVi from baseline to 4 months follow-up. Each column represents 
one patient. Patients with a decreased LV EDVi at 4 months follow-up are placed on the left side (n=14) 
and patients with an increased LV EDVi on the right side (n=37). Red denotes highly expressed genes, 
green the lowly expressed genes. Note the attenuated expression of genes of the MOSERLE_IFNA_
RESPONSE pathway in patients with an increased LV EDVi at 4 months after AMI (right side). 

by pathway analysis. Importantly the expression of type I IFN response genes was 
not associated with infarct size and the presence of microvascular obstruction at 
baseline, suggesting that type I IFN signalling may influence post-infarct healing and 
LV remodelling independent of the extent of myocardial tissue injury. 
 In humans, the type I IFN family consist of 12 IFN-α protein species, IFN-β, 
IFN-ε, IFN-κ, and IFN-ω, which all bind to the IFN-α receptor (IFNAR).29 Type I IFN 
signalling in monocytes can be triggered by type I IFNs produced by other cells, or via 
autocrine loops.29 The fact that we could not detect systemic levels of IFN-α or IFN-β 
protein after AMI suggests that the inter-individual variation in type I IFN signalling 
found in the present study may be related to cell-intrinsic differences in type I IFN 
production or differences in type I IFN response, potentially of genetic origin. This is 
in line with our previous studies, showing inter-individual differences in the monocyte 
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response in the context of arteriogenesis.30,31 Our finding that infiltrated monocytes/
macrophages in the infarcted myocardium express the IFN-α protein themselves 
provides further evidence for this concept and suggest an integral role for type I IFN 
signalling, induced by IFN-α, in healing and LV remodelling following AMI.    
 Because of pleiotropic effects, it is difficult to predict the function of type 
I IFN-signalling in the post-AMI healing and LV remodelling process. Type I IFN 
signalling occurs through the Jak-Stat pathway, predominantly via Stat1 and Stat2, 
but can also involve Stat3, Stat4 and Stat5 and activate other pathways depending 
on the cell type and environmental cues.29,32 Crosstalk between the type I IFN 
signalling pathway and other signalling pathways can modulate and convert signals 
and mediate a variety of seemingly contrasting activities such as pro-inflammatory, 
anti-inflammatory, pro-apoptotic, anti-apoptotic, proliferative and anti-proliferative 
activities.29,32 Veldhuis et al. showed that exogenous administration of IFN-β strongly 
inhibits the influx of neutrophils and monocytes into the ischemic area of the brain, 
and reduces infarct size after stroke in rats.33 Furthermore, IFN-α and IFN-β have 
been demonstrated to inhibit the production of matrix metalloproteinase (MMP)-9 by 
monocytes in vitro,34 corroborating with the study of Veldhuis et al. demonstrating 
decreased MMP-9 expression in the ischemic region after IFN-β treatment.33 
Inhibition of MMP-9 may favourably impact post-AMI adverse LV remodelling by 
preventing excessive matrix breakdown.35 Furthermore, IFN-α may reduce fibrosis 
and preserve LV compliance and function by antagonizing TGF-β1 pro-fibrotic 
effects.36 Further studies are warranted to gain insight into the functions of type I 
IFNs in healing and LV remodelling following AMI.

Limitations
This study has several limitations. First, all patients received intracoronary PBMC 
therapy, which may have influenced the LV remodelling process following AMI. 
However, the results of the HEBE study showed no effect of PBMC therapy on the 
change in LV EDVi from baseline to 4 months of follow-up, as compared to the control 

Symbol Gene 

Number of hits in 

 submitted regions 
Total number of 
hits on genome P-value 

ICSBP interferon consensus sequence- 

binding protein 9 388 1.79*10-9 

IRF-1 Interferon regulatory factor 1 23 4429 4.77*10-8 

ISGF-3 Interferon-stimulated gene factor 3 4 133 8.11*10-7 

BLIMP1 B lymphocyte-induced maturation  

protein 1 6 413 8.21*10-7 

 

Table 5 Transcription factor binding site analysis

Genes that were expressed at significantly lower levels (FDR <5%) in AMI patients with an increased 
LV EDVi at 4 months follow-up were analysed for the presence of overrepresented transcription factor 
binding sites in their promoter regions in comparison to the frequency of these sites in the whole 
genome. The top 4 significant transcription factors are all related to IFN signalling (sorted by P-value).
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Figure 3 Expression of IFN-α protein in the infarct zone. (A) Representative histology images of HE 
staining (upper panels) and IFN-α immunostaining (bottom panels) of human infarcted myocardium 
(left panels) and noninfarcted myocardium (right panels) at 5-14 days after AMI are shown (200x 
magnifications). IFN-α protein localized in the infarct zone consisting of granulation tissue. Monocytes/
macrophages (black arrow), endothelial cells (black arrowhead) and lymphocytes (white arrowhead) 
were predominantly immunoreactive. (B) To confirm specificity of the mouse anti-human IFN-α antibody, 
immunoblotting was performed on tissue lysates of human infarcted myocardium and noninfarcted 
myocardium from one patient. One sample of noninfarcted myocardium was spiked with recombinant 
human IFN-α2A. Protein levels were quantified and shown on the right (n=1).
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group. Second, our results identify associations, rather than causal relationships. 
Third, our sample size might be too small to detect small differences between the 
expression of genes and the change in LV EDVi. Fourth, transcriptome analysis of 
the blood monocytes was performed once (between 3 and 8 days after primary PCI). 
Finally, baseline CMR was not performed on a fixed time point. 

Conclusions
This study demonstrates evidence for involvement of type I IFN signalling in healing 
and LV remodelling following AMI in patients. Further research is necessary to 
unravel the biological role of type I IFNs and type 1 IFN signalling in these processes.     
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SUPPLEMENTARY INFORMATION

Supplementary Table S1 Oligonucleotides used for real-time RT-PCR

Symbol  Forward oligonucleotide Reverse oligonucleotide 

IFITM1  ccctcttcttgaactggtgctg cctgtccctagacttcacggagta 

MX2  ctgttcagagcacgattgaagac  tctgcctttgctgtgtgtttc  

CXCL10  cgctgtacctgcatcagcat catctcttctcacccttctttttca 

STAT1  tggcaccagaacgaatgagg accaggctggcacaattgg 

GAPDH  gccagccgagccacatc tgaccaggcgcccaatac 

 


