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Abstract
Monocytes are involved in adverse left ventricular (LV) remodelling following myocardial infarction (MI). To provide
therapeutic opportunities we aimed to identify gene transcripts in monocytes that relate to post-MI healing and evaluated
intervention with the observed gene activity in a rat MI model. In 51 MI patients treated by primary percutaneous coronary
intervention (PCI), the change in LV end-diastolic volume index (EDVi) from baseline to 4-month follow-up was assessed
using cardiovascular magnetic resonance imaging (CMR). Circulating monocytes were collected at day 5 (Arterioscler
Thromb Vasc Biol 35:1066–1070, 2015; Cell Stem Cell 16:477–487, 2015; Curr Med Chem 13:1877–1893, 2006) after
primary PCI for transcriptome analysis. Transcriptional profiling and pathway analysis revealed that patients with a decreased
LV EDVi showed an induction of type I interferon (IFN) signalling (type I IFN pathway: P value < 0.001; false discovery
rate < 0.001). We subsequently administered 15,000 Units of IFN-α subcutaneously in a rat MI model for three consecutive
days following MI. Cardiac function was measured using echocardiography and infarct size/cardiac inflammation using
(immuno)-histochemical analysis. We found that IFN-α application deteriorated ventricular dilatation and increased infarct
size at day 28 post-MI. Moreover, IFN-α changed the peripheral monocyte subset distribution towards the pro-inflammatory
monocyte subset whereas in the myocardium, the presence of the alternative macrophage subset was increased at day 3
post-MI. Our findings suggest that induction of type I IFN signalling in human monocytes coincides with adverse LV remodelling. In rats, however, IFN-α administration deteriorated post-MI healing. These findings underscore important but also
contradictory roles for the type I IFN response during cardiac healing following MI.
Keywords Myocardial infarction · Interferon-α · Monocytes · Cardiac healing

Introduction
Adverse left ventricular (LV) remodelling is an important
cause of heart failure and cardiac death after myocardial
infarction (MI) [14]. Upon MI, an inflammatory response
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is initiated which involves recruitment of monocytes and
macrophages into the infarcted site to promote removal of
tissue debris and subsequently to stimulate tissue repair
[22]. Monocytes consist of a heterogeneous pool of cells
that are distinguished into specific subsets and can adapt
their function in response to tissue injury [8, 22]. Although
recruitment of monocytes is a prerequisite for proper infarct
healing, excessive accumulation of activated monocyte and
macrophage subsets into the myocardium may deleteriously affect post-infarct healing [22, 31]. Clinical studies
have reported an association between the development of
adverse LV remodelling and post-MI monocytosis [15, 18],
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indicating the importance of monocyte involvement in the
pathogenesis of adverse LV remodelling. Hence, increased
understanding of the monocyte response in MI patients
is needed to provide new clues for treatments that could
improve the LV remodelling process.
To beneficially influence the monocyte response following MI, several clinical studies have focused on unravelling
specific monocyte surface markers to quantify and influence subset recruitment into the injured myocardium [5, 10,
19]. In an earlier study, we reported in MI patients that high
levels of the peripheral pro-inflammatory monocyte subset
were negatively associated with regional systolic function
at 4-month follow-up [32]. However, functional gene transcripts of monocytes in MI patients that relate to adverse
LV remodelling following MI have been poorly described,
while this could provide essential therapeutic targets that
influence monocyte functioning [16]. In the current study,
we addressed this issue by investigating the transcriptome
of circulating monocytes of the same MI patient group as
our previous study [32] to subsequently correlate this with
changes in cardiac function at 4-month follow-up. This
revealed that enhanced signalling of the type I interferon
(IFN) in monocytes of MI patients beneficially affects postMI cardiac healing. These results implicate that systemic
elevation of type I IFN may positively affect post-MI adverse
LV remodelling. To evaluate this, we used a rat MI model
and administrated the type I IFN, IFN-α, for three consecutive days following MI and analysed the effect of IFN-α on
myocardial infarct size, cardiac function and the inflammatory response.

Methods
Detailed methods are described in the supplementary
material.

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 [9]. Briefly, the HEBE study was
a multicentre, randomized trial, investigating the effect of
intracoronary infusion of autologous bone marrow mononuclear cells and peripheral blood mononuclear cells (PBMC)
after ST-segment elevation myocardial infarction. For this
ancillary study, patients of the PBMC group were selected
from which both the CMR and PBMC data were completely
available (n =51). All patients underwent baseline CMR at
3 days [3, 4] after primary PCI, with a minimum of 2 days
between PCI and CMR. With CMR, calculated functional
parameters were indexed for body surface area as reported
previously [9]. At 4-month follow-up, CMR was repeated
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and the change in LV end-diastolic volume index (EDVi)
from baseline to 4-month follow-up was used as a measure
of the extent of LV remodelling. Whole blood was collected
at 5 days [4–6] after primary PCI. 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).

Animals and experimental MI procedure
Male Wistar rats (n = 48, age 6–8 weeks, Harlan Laboratories, Horst, the Netherlands) weighing between 350 and
420 g were used. The study was approved by the VU University Amsterdam animal ethics and welfare committee.
The VU University Amsterdam is licensed according to the
2010/63/EU guidelines. The rats involved in the current
study were accommodated and cared for according to the
guidelines described in appendix A of EST No. 123. Induction of MI and the use of medetomidine–sufentanil as anaesthesia are performed as described previously [29]. Briefly,
the left anterior descending artery (LAD) was ligated for
40 min, followed by reperfusion and closure of the thorax.
Post-MI analgesia was continued as suggested earlier [29].
Sham animals underwent the exact same procedures except
for ligation of the LAD.

Experimental setup
Following MI or sham, rats received 15,000 Units of mammalian rat Interferon Alpha (PBL Assay science) subcutaneously, diluted in 1 mL saline within 30 min following the
surgical procedure for three consecutive days. The doses of
subcutaneous 15,000 Units/mL was based upon pharmacokinetic properties of type I IFN [17], and usage of type I IFN
in (pre)clinical settings during inflammatory diseases [21,
28, 34]. A subgroup was killed at 3 days following MI or
sham (day 3) (MI: n = 10, sham: n = 3) and the remainder
at 28 days following MI or sham (day 28) (MI: n = 8, sham:
n = 3). Placebo MI and sham rats were treated equally but
received a placebo subcutaneous injection containing 1 mL
saline (day 3 MI n = 8, sham n = 4; day 28 MI n = 8, sham
n = 4).

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 with
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a normal distribution, the Student’s t test was used and for
data with a non-normal distribution, the Mann–Whitney U
test was used for unpaired data and the Wilcoxon signed rank
test for paired data. 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 22.0 for
Windows, SPSS Inc.).

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 [20]. Figure 1c 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 higher levels in
patients with a decreased LV EDVi revealed transcription
factor-binding motifs involved in IFN signalling, corroborating the above findings (Supplementary Table S5).

Results

Administration of IFN‑α following experimental MI
results in LV dilatation

Patient characteristics
The baseline characteristics of the patient study population
are shown in Supplementary Table S2. The mean age of the
study population was 56 ± 9 years, 82% was male, and the
median time from onset of symptoms to reperfusion therapy
was 3.0 (2.2–4.8) h. Mean baseline infarct size was 18 ± 9%
of the LV. A marked variety was observed in the change
of LV EDVi from baseline to 4-month follow-up amongst
patients. The LV EDVi increased from 98 ± 16 mL/m2 at
baseline to 104 ± 22 mL/m2 at follow-up (P = 0.01), with a
change in LV EDVi of 6 ± 15% (Fig. 1a). At 4-month follow-up, 37 patients (73%) showed an increase in LV EDVi.
Supplementary Table S2 shows the baseline characteristics
of the study population after stratification by change in LV
EDVi. Mean LV ejection fraction (EF) was 42 ± 10% at
baseline and was increased to 46 ± 9% at 4-month followup (P <0.05), with a change in LV EF of 4 ± 7% (Fig. 1b).

Patients without adverse LV remodelling show
induced type I IFN signalling
To identify gene transcripts that are significantly related
to adverse LV remodelling following MI, we compared
the transcriptome of monocytes between patients with
a decreased LV EDVi and patients with an increased LV
EDVi at 4-month follow-up. Whole genome transcriptome
analysis revealed a total of 47 probes (45 unique genes) that
were significantly differentially expressed (Supplementary
Table S3). All significant genes were expressed at higher
levels in patients with a decreased LV EDVi. Amongst these
were several IFN-stimulated genes (ISGs). Verification of
gene array expression data by real-time RT-PCR was performed for a selection of ISGs and agreed with the gene
array data (Supplementary Table S4). Next, we performed
transcriptome analysis at the pathway level. The top ten
significant pathways were all expressed at higher levels in
patients with a decreased LV EDVi, and were all related
to IFN signalling (Table 1). The most significant pathway was the MOSERLE_IFNA_RESPONSE pathway (P

Since elevated type I IFN signalling in monocytes of MI
patients coincided with reduced adverse LV remodelling,
we hypothesized that systemic elevation through type I IFN
protein could exert a comparable effect. To assess this, we
used a rat MI model and systemically administered IFN-α
following MI for three consecutive days. Rats that received
a placebo injection served as control. The effect of MI on
the endogenous expression of ISGs in rat PBMC and the
effect of IFN-α administration hereon were primarily evaluated. This showed that MI caused increased Cxcl10 mRNA
expression levels from day 2 to day 3 and IFN-α administration increased its expression at day 2 (Supplementary
Figure S1). This suggests that exogenous IFN-α administration could induce an early expression of ISGs in circulating
PBMC following MI.
To determine the effect of IFN-α application on post-MI
adverse LV remodelling, echocardiography was performed
(Fig. 2a, e and g). This showed that MI caused ventricular
dilatation, shown by a significant increase of the systolic
left ventricle internal diameter (LVIDs) (Fig. 2c; P < 0.05)
and area (Fig. 2h; P < 0.05) in comparison to sham at day
28. Post-MI IFN-α administration deteriorated ventricular
dilatation at day 28, shown by a further increase of LVID
in diastole (Fig. 2b; P < 0.05) and of the LV area at day
28 in both diastole (Fig. 2f; P < 0.01) and systole (Fig. 2h;
P < 0.05). Also, we showed that MI decreased fractional
shortening (FS), reflecting a reduction in cardiac functioning. Post-MI IFN-α also decreased FS, although not significantly different in comparison to placebo (Fig. 2d; P = 0.06).
In sham rats, IFN-α administration did not affect the measured cardiac parameters (Fig. 2b–d, f and h).

IFN‑α administration increases infarct necrosis
and infarct size
To determine the effect of IFN-α on post-MI cardiac
healing, we evaluated the infarct size and the percentage of necrotic and granulation tissue at day 3 and the
percentage of granulation and fibrotic tissue at day 28
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Fig. 1  Increased IFN type I
expression in monocytes of
MI patients with a decreased
EDVi baseline–4-month FU. a
The change in LV EDVi from
baseline to 4-month follow-up.
b The change in LV EF from
baseline to 4-month followup. c Heat map showing the
expression of genes of the
MOSERLE_IFNA_RESPONSE
pathway supervised by the
change in LV EDVi from baseline to 4-month follow-up. Each
column represents one patient.
Patients with a decreased LV
EDVi at 4-month 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 relatively
high gene expression, green represents relatively low-expressed
genes. Note the relative high
expression of genes of the
MOSERLE_IFNA_RESPONSE
pathway in patients with a
decreased LV EDVi at 4-month
post-MI (right side). Statistical analyses are performed
using the Student’s t test. EDVi
end-diastolic volume index, EF
ejection fraction, FU follow-up,
LV left ventricular

via histochemical analysis (Fig. 3). In sham animals, no
damaged myocardial tissue was found, nor after IFN-α
administration (Fig. 3b). In MI rats, IFN-α administration
resulted in more necrotic tissue and less granulation tissue at day 3 as compared to placebo (Fig. 3c, d; P = 0.05)
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whereas at day 28, no difference in infarct tissue composition was detected (Fig. 3f). However, post-MI IFN-α
administration resulted in a significantly larger infarct area
at day 28 in comparison to placebo (Fig. 3e; P < 0.01).
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Gene set name

Score

P value

FDR

MOSERLE_IFNA_RESPONSE
UROSEVIC_RESPONSE_TO_IMIQUIMOD
ZHANG_INTERFERON_RESPONSE
EINAV_INTERFERON_SIGNATURE_IN_CANCER
BENNETT_SYSTEMIC_LUPUS_ERYTHEMATOSUS
DAUER_STAT3_TARGETS_DN
BROWNE_INTERFERON_RESPONSIVE_GENES
RADAEVA_RESPONSE_TO_IFNA1_UP
ZHU_CMV_8_HR_UP
SANA_RESPONSE_TO_IFNG_UP

− 3.33
− 2.83
− 2.74
− 2.65
− 2.5
− 2.37
− 2.28
− 1.87
− 1.74
− 1.72

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

The change in LV EDVi was used as a quantitative parameter to identify significantly associated pathways. The top ten significant pathways are listed (sorted by score). Patients with an increased LV EDVi at
4-month follow-up showed attenuated type I IFN signalling
FDR false discovery rate

Systemic IFN‑α administration following MI affects
monocyte and macrophage subset distribution
As an exaggerated monocyte response has been shown to
highly correlate with increased infarct size and deteriorated cardiac function [31, 32] and IFN-α has been shown
to modulate immune responses [7], we analysed the effect
of IFN-α administration on circulating monocyte subset distribution and the level of macrophages within the
infarcted area. Using flow cytometry analysis, circulating rat monocytes were subdivided into pro-inflammatory
classical subsets (CD43-lo) and reparative non-classical
subsets (CD43-hi; Fig. 4a). This showed that following
MI, the percentage of CD43-lo monocytes is significantly
reduced at day 3 in comparison to baseline (P < 0.05)
(Fig. 4b). Post-MI IFN-α administration significantly
increased CD43-lo monocytes already at day 2 in comparison to baseline (P = 0.000) (Fig. 4b, red bars) and also
induced a significant increase of the CD43-lo monocytes at
both day 2 (P < 0.05) and day 3 (P < 0.05) in comparison
to placebo (Fig. 4b).
Using quantitative immunohistochemical analysis
(Fig. 5a–c), we showed that IFN-α administration did not
affect the total CD68 + macrophages infiltrate at day 3
(Fig. 5e) or at day 28 (Fig. 5g). However, at day 3, post-MI
IFN-α administration significantly elevated the alternative
macrophages, without affecting the pro-inflammatory macrophage abundance (Fig. 5f; P < 0.05). Moreover, at day 28,
MI showed an equal distribution of pro-inflammatory classical and reparative alternative macrophages in the infarct.
IFN-α administration, however, resulted in a distribution
towards more classical macrophages than alternative macrophages in the infarcted myocardium (Fig. 5h; P < 0.05),
albeit this was not significantly different in comparison to
placebo.

Discussion
In the current study, we show contradictory roles of type I
IFN and its signalling pathway in post-MI cardiac healing.
In patients, transcriptome analysis in circulating monocytes
of MI patients revealed that an induced expression of ISGs
was associated with a decreased and, therefore, more preserved LV EDVi at 4-month follow-up. This profile represented the type I IFN signalling pathway suggesting that
type I IFNs, and hence induction of type I IFN signalling
in monocytes, positively correlate with beneficial post-MI
LV remodelling in patients. However, in an experimental
rat MI model, we showed that administration of exogenous
IFN-α protein following MI resulted in more necrotic and
less granulation tissue at day 3 and also exaggerated left
ventricular dilatation together with an increased infarct size
at day 28 in comparison to placebo-treated MI. Moreover,
IFN-α administration increased the monocyte subset distribution following MI towards the more inflammatory CD43lo subset at day 2 and day 3 whereas in the myocardium,
the alternative macrophage subset was more present at day
3 after IFN-α administration. These results indicate that in
a rat MI model, IFN-α application deteriorated the cardiac
healing process following MI.
In patients, there is a marked difference in outcome following MI. Adverse LV remodelling occurs in approximately 15–50% of MI patients and is associated with heart
failure and cardiac death [14, 35]. Monocytes have been
implicated in the pathophysiology of adverse LV remodelling post-MI [4, 5] and with the current study, we are the first
to investigate the gene transcripts of circulating monocytes
in relation to the LV remodelling process following MI.
Sufficient healing of the infarcted area has been linked by
several studies to a well-balanced inflammatory response.
[6, 12, 22, 33] Type I IFN activation can either induce
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Fig. 2  IFN-α administration results in ventricular dilatation in rats.
2D echocardiography measurements at day 28 showing a images
of the M-mode parameters LVIDd and LVIDs which are quantified
and presented in b and c showing mean ± SD. d Relative change in
LVIDd and LVIDs presented as FS(%). Short axis of the LV area at
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day 28 in diastole in e (image) and f (quantification) as well as in
systole in g (image) and h (quantification). MI myocardial infarction,
IFN-α interferon alpha, LVIDd left ventricle internal diameter in diastole and LVIDs left ventricle internal diameter in systole. Statistical
analysis are performed using the Student’s t test
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Fig. 3  IFN-α administration increases the necrotic tissue area at day
3 and the total infarct size at day 28. a Images of a rat myocardial
PTAH stain at day 3 with the infarcted area indicated by a yellow
line. Scale bar represents 2 mm. b Quantification of the infarcted
areas at day 3. c Magnification of the PTAH stain showing the
infarcted area with necrotic (n) and granulation tissue (g) indicated by
yellow lines and the viable myocardium (v) indicated by white lines.

Scale bar represents 200 µm. d Quantification of necrotic and granulation tissue in the infarcted area at day 3. P values were calculated
using the Mann–Whitney U test. e Quantification of the infarcted area
at day 28 and f its quantification of granulation and fibrotic tissue.
PTAH phosphotungstic acid–hematoxylin, MI myocardial infarction,
IFN-α interferon alpha. Statistical analyses are performed using the
Student’s t test (b and e) or the Mann–Whitney U test (d and f)

inflammation following a viral or bacterial infection, or
contain a suppressive role in certain chronic infections [1,
11]. Variability in this response is highly dependent on cell
type, pathogens and the environmental context [1]. In rats,

we showed that post-MI IFN-α administration altered the
distribution of circulating monocyte subsets towards the proinflammatory CD43-lo monocyte at day 2 in comparison to
placebo, a shift which has generally been associated with
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Fig. 4  IFN-α changes the
distribution of circulating
monocyte subsets at day 2
following experimental MI. a
Representative flow cytometry
plots of mononuclear cells at
baseline, days 2, 3 and 28. After
baseline, rats were subdivided
into groups (MI or MI + IFNα). b Quantification of the
pro-inflammatory CD43-lo
monocytes in MI and in IFNα-treated MI rats (red bars) at
the different time points. MI
myocardial infarction, IFN-α
interferon alpha. Statistical
analyses are performed using
the Student’s t test (paired and
unpaired)

an expanded infarcted area [31, 32]. Interestingly, in the
infarcted area of the myocardium, post-MI IFN-α administration increased the presence of the reparative alternative
macrophage subset at day 3. Even though pro-inflammatory
macrophages were still predominantly present in the infarct
area at that time point, this could implicate that IFN-α initiates an early propagation towards suppressing inflammation
in the infarct in comparison to placebo MI rats [24, 30].
Remarkably, this also reveals that circulatory inflammatory
cells do not always directly reflect the inflammatory status of
the injured tissue. It has been suggested that type I IFN can
affect the recruitment of monocytes and other inflammatory
cells into the infarcted area, which could account for this
observed difference between circulating and tissue-resident
monocytes [3, 13, 34]. However, we did not find an effect
of IFN-α on the number of macrophages in the myocardium
early after MI, suggesting that IFN-α could have affected the
inflammatory response through other mechanisms. Additionally, we showed that post-MI IFN-α administration increased
the infarcted area at day 28 and deteriorated ventricular dilatation, an important predictor of heart failure and ventricular
arrhythmia development [27]. Moreover, IFN-α administration resulted in an increase of necrotic tissue and a decrease
in granulation tissue at day 3 in comparison to placebo MI.
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This could implicate that administration of IFN-α delayed
the infarct healing, ensuing from a lack of cell debris clearance and replacement with granulation tissue.
Recently, King et al. published a study in which they
demonstrate a negative effect of type I IFN signalling
during healing following permanent MI in mice [13].
Type I IFN activation occurs classically through the
IFN-α receptor (IFNAR). This induces activation of the
Jak–Stat pathway resulting in Stat1 and Stat2 dimerization that initiates nuclear translocation of IFN regulatory
transcription factors (IRF) and subsequent transcription
of ISGs [1, 7, 23]. King et al. demonstrated that MI activates IRF3-dependent signalling through macrophages
upon dsDNA sensing at day 4 following MI. Induction of
MI in irf3−/− mice showed reduced ventricular dilatation
together with a marked decrease in infiltrated pro-inflammatory monocytes in comparison to MI in wild-type (wt)
mice [13]. Moreover, King et al. showed that treatment
with an IFNΑR-neutralizing antibody at 12 and 48 h after
coronary artery ligation in wt mice improved cardiac functioning and survival in comparison to untreated wt mice
following MI [13]. They concluded that systemic absence
of endogenous type I IFN signalling, even when initiated
after coronary ligation, beneficially affects cardiac healing
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Fig. 5  IFN-α does not alter total macrophage infiltration in the myocardium but increases alternative macrophage infiltration into the
myocardium at day 3. Immunohistochemical images of the infarcted
myocardium at day 3 (a–b) and day 28 (c–d) of CD68 (a and c) staining of all macrophages and CD163 (b and d) representing the reparative alternative macrophages. Scale bar represents 50 µm. Quantification of CD68 at day 3 (e) and day 28 (g) and the quantification of the
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macrophage subsets at day 3 (f) and day 28 (h). MI myocardial infarction, IFN-α interferon alpha. Data are presented as box plots showing the median and 25th–75th percentile together with the minimum
and the maximum values. Statistical analyses are performed using the
Mann–Whitney U test (unpaired) or the Wilcoxon signed rank test
(paired)
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following permanent MI. This supports our current results
in rats showing that exogenous IFN-α administration following MI deteriorated cardiac healing.
Exaggerated IFN responses are increasingly associated
with human autoimmune diseases and could detrimentally
affect the functioning of type I IFN [1]. Also, the concentration and duration of IFN production together with
specific timing of action can be crucial for accurate IFN
functioning [1, 2]. In this regard, the findings that systemic
IFN-α administration in rats and absence of type I IFN signalling in mice exerted a contradictory response in comparison to MI patients could implicate that elevated type
I IFN signalling in monocytes does not reflect systemic
elevated type I IFN signalling. Also, we can currently
not exclude the response and contribution of non-myeloid cells after systemic IFN-α administration in the rats
which could contribute to a different response in comparison to monocyte-specific type I IFN elevation in patients
after MI. Remarkably, following arterial ischaemia, both
increased type I IFN-related gene expression and type I
IFN protein levels have been shown to negatively influence
angio- and arteriogenesis in mice and human [25, 26].
Conceivably, timely activation of type I IFN signalling to
promote tissue repair requires precise modulation through
different immune cells.
In conclusion, we showed that in patients, monocytespecific upregulation of ISGs involved in type I IFN signalling coincides with beneficial cardiac healing post-MI,
whereas systemic IFN-α administration in a rat MI model
detrimentally affected post-MI cardiac healing. These findings underscore the importance of the type I IFN response
in cardiac healing, although exact regulatory mechanisms
require further investigations.
Acknowledgements We thank all the investigators and coordinators of
the HEBE trial, all technical staff of the participating stem cell laboratories, all the medical and nursing staff of the participating hospitals
who made the HEBE trial possible, and most of all the patients that
participated in the trial.
Funding This work, as being a sub-study of the HEBE trial, was supported by funds of the Netherlands Heart Institute (NLHI), the Dutch
Heart Foundation (Grant number 2005T101) and by unrestricted
grants from Biotronik, Boston Scientific, Guerbet, Abbott, Medtronic,
Novartis, Pfizer, and Sanofi-Aventis. The HEBE trial was initiated by
the NLHI (directors: J. Weijers, P. Doevedans and D. Duncker). Furthermore, this work was supported by the NLHI to E.N. ter Horst and
by the Graduate School for Medical Sciences of the Academic Medical
Centre, University of Amsterdam, to A.M. van der Laan.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.

13

Basic Research in Cardiology

(2019) 114:1

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
1. Arimoto KI, Miyauchi S, Stoner SA, Fan JB, Zhang DE (2018)
Negative regulation of type I IFN signaling. J Leukoc Biol. https
://doi.org/10.1002/jlb.2mir0817-342r
2. Bracci L, La Sorsa V, Belardelli F, Proietti E (2008) Type I interferons as vaccine adjuvants against infectious diseases and cancer.
Expert Rev Vaccines 7:373–381. https://doi.org/10.1586/14760
584.7.3.373
3. de Paus RA, van Wengen A, Schmidt I, Visser M, Verdegaal
EM, van Dissel JT, van de Vosse E (2013) Inhibition of the
type I immune responses of human monocytes by IFN-alpha
and IFN-beta. Cytokine 61:645–655. https://doi.org/10.1016/j.
cyto.2012.12.005
4. Dutta P, Nahrendorf M (2015) Monocytes in myocardial infarction. Arterioscler Thromb Vasc Biol 35:1066–1070. https://doi.
org/10.1161/ATVBAHA.114.304652
5. Dutta P, Sager HB, Stengel KR, Naxerova K, Courties G, Saez
B, Silberstein L, Heidt T, Sebas M, Sun Y, Wojtkiewicz G, Feruglio PF, King K, Baker JN, van der Laan AM, Borodovsky
A, Fitzgerald K, Hulsmans M, Hoyer F, Iwamoto Y, Vinegoni
C, Brown D, Di Carli M, Libby P, Hiebert SW, Scadden DT,
Swirski FK, Weissleder R, Nahrendorf M (2015) Myocardial
infarction activates CCR2(+) hematopoietic stem and progenitor cells. Cell Stem Cell 16:477–487. https://doi.org/10.1016/j.
stem.2015.04.008
6. Frangogiannis NG (2006) Targeting the inflammatory response in
healing myocardial infarcts. Curr Med Chem 13:1877–1893
7. Gonzalez-Navajas JM, Lee J, David M, Raz E (2012) Immunomodulatory functions of type I interferons. Nat Rev Immunol
12:125–135. https://doi.org/10.1038/nri3133
8. Gordon S, Taylor PR (2005) Monocyte and macrophage heterogeneity. Nat Rev Immunol 5:953–964. https: //doi.org/10.1038/nri17
33
9. Hirsch A, Nijveldt R, van der Vleuten PA, Tijssen JG, van der
Giessen WJ, Tio RA, Waltenberger J, ten Berg JM, Doevendans
PA, Aengevaeren WR, Zwaginga JJ, Biemond BJ, van Rossum
AC, Piek JJ, Zijlstra F, Investigators H (2011) Intracoronary infusion of mononuclear cells from bone marrow or peripheral blood
compared with standard therapy in patients after acute myocardial
infarction treated by primary percutaneous coronary intervention: results of the randomized controlled HEBE trial. Eur Heart
J 32:1736–1747. https://doi.org/10.1093/eurheartj/ehq449
10. Hoogeveen RM, Nahrendorf M, Riksen NP, Netea MG, de Winther MPJ, Lutgens E, Nordestgaard B, Neidhart M, Stroes ESG,
Catapano AL, Bekkering S (2018) Corrigendum to: monocyte and
haematopoietic progenitor reprogramming as common mechanism
underlying chronic inflammatory and cardiovascular diseases. Eur
Heart J 39:2182. https://doi.org/10.1093/eurheartj/ehx703
11. Ivashkiv LB (2003) Type I interferon modulation of cellular
responses to cytokines and infectious pathogens: potential role in
SLE pathogenesis. Autoimmunity 36:473–479
12. Jung M, Ma Y, Iyer RP, DeLeon-Pennell KY, Yabluchanskiy A,
Garrett MR, Lindsey ML (2017) IL-10 improves cardiac remodeling after myocardial infarction by stimulating M2 macrophage
polarization and fibroblast activation. Basic Res Cardiol 112:33.
https://doi.org/10.1007/s00395-017-0622-5

Basic Research in Cardiology

Page 11 of 12

(2019) 114:1

13. King KR, Aguirre AD, Ye YX, Sun Y, Roh JD, Ng RP Jr, Kohler
RH, Arlauckas SP, Iwamoto Y, Savol A, Sadreyev RI, Kelly M,
Fitzgibbons TP, Fitzgerald KA, Mitchison T, Libby P, Nahrendorf
M, Weissleder R (2017) IRF3 and type I interferons fuel a fatal
response to myocardial infarction. Nat Med 23:1481–1487. https
://doi.org/10.1038/nm.4428
14. Konstam MA, Kramer DG, Patel AR, Maron MS, Udelson JE
(2011) Left ventricular remodeling in heart failure: current concepts in clinical significance and assessment. Jacc Cardiovasc
Imaging 4:98–108. https://doi.org/10.1016/j.jcmg.2010.10.008
15. Maekawa Y, Anzai T, Yoshikawa T, Asakura Y, Takahashi T, Ishikawa S, Mitamura H, Ogawa S (2002) Prognostic significance of
peripheral monocytosis after reperfused acute myocardial infarction: a possible role for left ventricular remodeling. J Am Coll
Cardiol 39:241–246
16. Maiwald S, Zwetsloot PP, Sivapalaratnam S, Dallinga-Thie
GM (2013) Monocyte gene expression and coronary artery disease. Curr Opin Clin Nutr Metab Care 16:411–417. https://doi.
org/10.1097/MCO.0b013e32836236f9
17. Mannering GJ, Deloria LB (1986) The pharmacology and toxicology of the interferons: an overview. Annu Rev Pharmacol Toxicol
26:455–515. https: //doi.org/10.1146/annure v.pa.26.040186 .00232
3
18. Mariani M, Fetiveau R, Rossetti E, Poli A, Poletti F, Vandoni P,
D’Urbano M, Cafiero F, Mariani G, Klersy C, De Servi S (2006)
Significance of total and differential leucocyte count in patients
with acute myocardial infarction treated with primary coronary
angioplasty. Eur Heart J 27:2511–2515. https://doi.org/10.1093/
eurheartj/ehl191
19. Meyer IS, Jungmann A, Dieterich C, Zhang M, Lasitschka F,
Werkmeister S, Haas J, Muller OJ, Boutros M, Nahrendorf M,
Katus HA, Hardt SE, Leuschner F (2017) The cardiac microenvironment uses non-canonical WNT signaling to activate monocytes
after myocardial infarction. EMBO Mol Med 9:1279–1293. https
://doi.org/10.15252/emmm.201707565
20. Moserle L, Indraccolo S, Ghisi M, Frasson C, Fortunato E, Canevari S, Miotti S, Tosello V, Zamarchi R, Corradin A, Minuzzo
S, Rossi E, Basso G, Amadori A (2008) The side population of
ovarian cancer cells is a primary target of IFN-alpha antitumor
effects. Cancer Res 68:5658–5668. https://doi.org/10.1158/00085472.CAN-07-6341
21. Myint AM, O’Mahony S, Kubera M, Kim YK, Kenny C, KaimBasta A, Steinbusch HW, Leonard BE (2007) Role of paroxetine
in interferon-alpha-induced immune and behavioural changes in
male Wistar rats. J Psychopharmacol 21:843–850. https://doi.
org/10.1177/0269881107077165
22. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger
T, Figueiredo JL, Libby P, Weissleder R, Pittet MJ (2007) The
healing myocardium sequentially mobilizes two monocyte subsets with divergent and complementary functions. J Exp Med
204:3037–3047. https://doi.org/10.1084/jem.20070885
23. Pestka S, Krause CD, Walter MR (2004) Interferons, interferonlike cytokines, and their receptors. Immunol Rev 202:8–32. https
://doi.org/10.1111/j.0105-2896.2004.00204.x
24. Rienks M, Carai P, Bitsch N, Schellings M, Vanhaverbeke M,
Verjans J, Cuijpers I, Heymans S, Papageorgiou A (2017) Sema3A
promotes the resolution of cardiac inflammation after myocardial
infarction. Basic Res Cardiol 112:42. https://doi.org/10.1007/
s00395-017-0630-5
25. Schirmer SH, Bot PT, Fledderus JO, van der Laan AM, Volger
OL, Laufs U, Bohm M, de Vries CJ, Horrevoets AJ, Piek JJ, Hoefer IE, van Royen N (2010) Blocking interferon beta stimulates
vascular smooth muscle cell proliferation and arteriogenesis.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

1

J Biol Chem 285:34677–34685. https://doi.org/10.1074/jbc.
M110.164350
Schirmer SH, Fledderus JO, Bot PT, Moerland PD, Hoefer
IE, Baan J Jr, Henriques JP, van der Schaaf RJ, Vis MM, Horrevoets AJ, Piek JJ, van Royen N (2008) Interferon-beta signaling is enhanced in patients with insufficient coronary collateral
artery development and inhibits arteriogenesis in mice. Circ
Res 102:1286–1294. https://doi.org/10.1161/CIRCRESAHA
.108.171827
St John Sutton M, Lee D, Rouleau JL, Goldman S, Plappert T,
Braunwald E, Pfeffer MA (2003) Left ventricular remodeling and
ventricular arrhythmias after myocardial infarction. Circulation
107:2577–2582. https://doi.org/10.1161/01.CIR.0000070420
.51787.A8
Sumer N, Palabiyikoglu M (1995) Induction of remission by
interferon-alpha in patients with chronic active ulcerative colitis.
Eur J Gastroenterol Hepatol 7:597–602
ter Horst EN, Krijnen PAJ, Flecknell P, Meyer KW, Kramer K, van
der Laan AM, Piek JJ, Niessen HWM (2018) Sufentanil-medetomidine anaesthesia compared with fentanyl/fluanisone-midazolam
is associated with fewer ventricular arrhythmias and death during experimental myocardial infarction in rats and limits infarct
size following reperfusion. Lab Anim 52:271–279. https://doi.
org/10.1177/0023677217724485
Tomczyk M, Kraszewska I, Szade K, Bukowska-Strakova K, Meloni M, Jozkowicz A, Dulak J, Jazwa A (2017) Splenic Ly6C(hi)
monocytes contribute to adverse late post-ischemic left ventricular
remodeling in heme oxygenase-1 deficient mice. Basic Res Cardiol 112:39. https://doi.org/10.1007/s00395-017-0629-y
Tsujioka H, Imanishi T, Ikejima H, Kuroi A, Takarada S, Tanimoto T, Kitabata H, Okochi K, Arita Y, Ishibashi K, Komukai K,
Kataiwa H, Nakamura N, Hirata K, Tanaka A, Akasaka T (2009)
Impact of heterogeneity of human peripheral blood monocyte
subsets on myocardial salvage in patients with primary acute
myocardial infarction. J Am Coll Cardiol 54:130–138. https://
doi.org/10.1016/j.jacc.2009.04.021
van der Laan AM, Hirsch A, Robbers LF, Nijveldt R, Lommerse
I, Delewi R, van der Vleuten PA, Biemond BJ, Zwaginga JJ, van
der Giessen WJ, Zijlstra F, van Rossum AC, Voermans C, van der
Schoot CE, Piek JJ (2012) A proinflammatory monocyte response
is associated with myocardial injury and impaired functional outcome in patients with ST-segment elevation myocardial infarction
Monocytes and myocardial infarction. Am Heart J 163:57–65.
https://doi.org/10.1016/j.ahj.2011.09.002
van der Laan AM, Ter Horst EN, Delewi R, Begieneman MP,
Krijnen PA, Hirsch A, Lavaei M, Nahrendorf M, Horrevoets AJ,
Niessen HW, Piek JJ (2014) Monocyte subset accumulation in the
human heart following acute myocardial infarction and the role of
the spleen as monocyte reservoir. Eur Heart J 35:376–385. https
://doi.org/10.1093/eurheartj/eht331
Veldhuis WB, Derksen JW, Floris S, Van Der Meide PH, De Vries
HE, Schepers J, Vos IM, Dijkstra CD, Kappelle LJ, Nicolay K,
Bar PR (2003) Interferon-beta blocks infiltration of inflammatory cells and reduces infarct volume after ischemic stroke in
the rat. J Cereb Blood Flow Metab 23:1029–1039. https://doi.
org/10.1097/01.WCB.0000080703.47016.B6
Verma A, Meris A, Skali H, Ghali JK, Arnold JM, Bourgoun M,
Velazquez EJ, McMurray JJ, Kober L, Pfeffer MA, Califf RM,
Solomon SD (2008) Prognostic implications of left ventricular
mass and geometry following myocardial infarction: the VALIANT (VALsartan In Acute myocardial iNfarcTion) Echocardiographic Study. Jacc Cardiovasc Imaging 1:582–591. https://doi.
org/10.1016/j.jcmg.2008.05.012

13

1

Page 12 of 12

Basic Research in Cardiology

(2019) 114:1

Affiliations
Ellis N. ter Horst1,3,4,8 · Paul A. J. Krijnen4,8 · Nazanin Hakimzadeh1,2 · Lourens F. H. J. Robbers5 · Alexander Hirsch12 ·
Robin Nijveldt5 · Ingrid Lommerse9 · Ruud D. Fontijn7 · Elisa Meinster4,7 · Ronak Delewi1 · Niels van Royen10 ·
Felix Zijlstra11 · Albert C. van Rossum5 · C. Ellen van der Schoot9 · Tineke C. T. M. van der Pouw Kraan7 ·
Anton J. Horrevoets7 · Anja M. van der Laan1 · Hans W. M. Niessen4,6,8 · Jan J. Piek1,8
1

Department of Cardiology, Amsterdam UMC,
University of Amsterdam, Meibergdreef 9, Amsterdam,
The Netherlands

7

Department of Molecular Cell Biology and Immunology,
Amsterdam UMC, VU University Amsterdam, de Boelelaan
1117, Amsterdam, The Netherlands

2

Department of Biomedical Engineering and Physics,
Amsterdam UMC, University of Amsterdam, Meibergdreef
9, Amsterdam, The Netherlands

8

Amsterdam Cardiovascular Sciences, Amsterdam,
The Netherlands

9

Department of Experimental Immunohematology, Sanquin
Research, Amsterdam UMC, location AMC, Plesmanlaan
125, Amsterdam, The Netherlands

3

Netherlands Heart Institute, Moreelsepark 1, Utrecht,
The Netherlands

4

Department of Pathology, Amsterdam UMC, VU University
Amsterdam, de Boelelaan 1117, 1081HV Amsterdam,
The Netherlands

10

Department of Cardiology, Radboud University
Medical Centre, Geert Grooteplein Zuid 10, Nijmegen,
The Netherlands

5

Department of Cardiology, Amsterdam UMC, VU
University Amsterdam, de Boelelaan 1117, Amsterdam,
The Netherlands

11

Department of Cardiology, Erasmus Medical Centre,
Dr. Molewaterplein 40, Rotterdam, The Netherlands

12

6

Department of Cardiac Surgery, Amsterdam UMC, VU
University Amsterdam, de Boelelaan 1117, Amsterdam,
The Netherlands

Department of Cardiology and Radiology, Erasmus Medical
Centre, Dr. Molewaterplein 40, Rotterdam, The Netherlands

13

