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Insulin-like growth factor 1 (IGF1) is an anabolic hormone that
controls the growth and metabolism of many cell types. How-
ever, IGF1 also mediates cardio-protective effects after acute
myocardial infarction (AMI), but the underlying mechanisms
and cellular targets are not fully understood. Here we demon-
strate that short-term IGF1 treatment for 3 days after AMI
improved cardiac function after 1 and 4 weeks. Regional wall
motion was improved in ischemic segments, scar size was
reduced, and capillary density increased in the infarcted area
and the border zone. Unexpectedly, inducible inactivation of
the IGF1 receptor (IGF1R) in cardiomyocytes did not attenuate
the protective effect of IGF1. Sequential cardiac transcriptomic
analysis indicated an altered myeloid cell response in the acute
phase after AMI, and, notably, myeloid-cell Igflr '~ mice lost
the protective IGF1 function after I/R. In addition, IGF1
induced an M2-like anti-inflammatory phenotype in bone
marrow-derived macrophages and enhanced the number of
anti-inflammatory macrophages in heart tissue on day 3 after
AMI in vivo. In summary, modulation of the acute inflamma-
tory phase after AMI by IGF1 represents an effective mecha-
nism to preserve cardiac function after I/R.

INTRODUCTION

Acute myocardial infarction (AMI) as a result of occlusion of a cor-
onary artery results in rapid cardiomyocyte cell death because of
insufficient oxygen and nutrient supply. This primary insult triggers
a cascade of events that finally lead to cardiac remodeling, including
the infarct zone and the remote myocardium. Local cell death, cyto-
kines, chemokines, and other biomolecules acting as damage-associ-
ated molecular patterns (DAMPs) trigger an extensive inflammatory
response starting with rapid activation of the innate immune sys-
tem.' Myeloid cell-derived neutrophils are the first to be attracted
and infiltrate the infarcted myocardium. Degranulation of neutro-
phils with release of matrix-degrading enzymes, production of reac-
tive oxygen species (ROS), and neutrophil extracellular trap (NET)
formation most likely contribute to further myocardial cell death
and infarct expansion, which is observed after reperfusion of the
infarct zone.” Shortly after the onset of neutrophil invasion, pro-in-
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flammatory monocytes and macrophages accumulate in the heart,
leading to sustained inflammation accompanied by phagocytosis of
cell debris and matrix fragments. Inflammation is finally resolved
by anti-inflammatory monocytes and/or macrophages, which induce
tissue remodeling and orchestrate the formation of a stable collagen-
rich scar, that replaces the viable myocardium and stabilizes the ven-
tricular wall.” This event involves the activation of cardiac fibroblasts,
which may differentiate to myofibroblasts. The repair processes are
further accompanied by angiogenesis, especially in the infarct border
zone.” Because of the loss of viable myocardium, the non-ischemic
remote myocardium undergoes hypertrophy to compensate for the
reduced contractile force development after AMI. However, in the
chronic setting, adverse cardiac remodeling may result in deteriora-
tion of cardiac function with the consequence of heart failure
development.

Strategies to improve the outcome after AMI may target either scar
size or functional improvement of the remote myocardium. Ap-
proaches to regenerate viable myocardium by transplantation or acti-
vation of stem and/or progenitor cells or by pushing cardiac myocytes
to re-enter the cell cycle are highly promising options that, however,
are still in their infancy.® Transplantation of various cell types,
including myeloid cells, can induce some functional improvement,
but, in most cases, the therapeutic benefit is rather due to paracrine
factors influencing the healing process. Thus, growth factors, cyto-
kines, and chemokines represent interesting tools to ameliorate
myocardial remodeling after AMI.

Insulin-like growth factor 1 (IGF1) is a molecule that might positively
influence different aspects of the cardiac remodeling process after
AMI. IGF1 is a key regulator of cell proliferation and survival,
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Figure 1. IGF1 Improves Cardiac Function after
Myocardial Infarction without Affecting Acute
Cardiac Damage

(A) Experimental protocol. C57BL/6J mice were subjected
to 45-min LAD coronary artery occlusion and 4 weeks of
reperfusion. At the start of reperfusion, mice were treated
with IGF1 or vehicle (Con) over 3 days. Echocardiography
was performed before I/R (pre-OP [pre-operative]) and 1
and 4 weeks after I/R. (B) Representative parasternal
short-axis M-mode views of control (left) and IGF1-treated
(right) C57BL/6J mice 4 weeks after myocardial infarction.
(C-E) Summarized data for ejection fraction (EF) (C),
fraction area change (FAC) (D), and stroke volume (SV) (E)
(n = 6 mice for each group). Con, black bars; IGF1, gray
* bars. (C-E): *p < 0.05 versus pre-OP, #p < 0.05 versus
Con (two-way RM ANOVA followed by Tukey’s post hoc
test). (F) Summarized data of in vivo analysis of acute
myocardial damage. C57BL/6J mice were subjected to
45-min LAD coronary artery occlusion and 2 hr of re-
perfusion. At the start of reperfusion, mice were treated
with IGF1 or vehicle (Con) over 2 hr. Infarct size was
determined using 2,3,5-triphenyltetrazolium  chloride
staining and remote myocardium size by Evans blue
staining. The data show no difference in area at risk (AAR)
and infarct size between the Con and IGF1 groups (n = 5—
6 mice for each group). Con, black bars; IGF1, gray bars;
two-tailed unpaired t test. (G and H) For in vitro analysis of
acute myocardial damage, isolated Langendorff-perfused
hearts of C57BL/6J mice underwent 25 min of global
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ischemia and 1 hr of reperfusion. At the start of re-
perfusion, hearts were treated with IGF1 (15 nM) or vehicle
(Con) during reperfusion. No differences in rate pressure
product (G) or LDH release (H) were observed during re-
perfusion (n = 9-10 hearts for each group). Two-way RM
ANOVA followed by Tukey’s post hoc test. All data are
presented as mean + SD. Additional functional data and
the exact p values for each significant difference can be
found in Tables S1 and S5.
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differentiation, and metabolism. Epidemiologic data show an inverse
correlation between IGF1 levels and the occurrence of coronary heart
disease (CHD) events, suggesting a protective role of IGF1 in the
pathophysiology of CHD, possibly by affecting atherosclerosis pro-
gression.” Clinical data show that low IGF1 levels are associated
with an increased risk of all-cause death and recurrent myocardial
infarction.® Moreover, there is experimental evidence that IGF1 has
cardioprotective properties both in small and large animal models.”*
Cardioprotection by IGF1 was impressively demonstrated by cardiac
restricted overexpression of the IGF1 propeptide IGF1-Ea, which
reduced scar formation in a mouse model with permanent occlusion
of the left anterior descending (LAD) coronary artery.” This effect was
accompanied by preserved cardiac pump function up to 2 months
after LAD coronary artery occlusion. However, cardiac hypertrophy
and elevated atrial natriuretic peptide (ANP) release already at
baseline may be confounders for direct extrapolation of the cardio-
protection observed in this model to an IGF1-based therapeutic
intervention.

Because chronic overexpression of IGF1 in the heart has no therapeu-
tic relevance, we investigated whether short-term treatment by IGF1
application preserved cardiac pump function after myocardial
ischemia and reperfusion (I/R). Moreover, we elucidated the underly-
ing mechanism of protection by using cell-specific IGF1 receptor
(IGF1R) knockout mice, which target the IGF1R in cardiomyocytes
and in myeloid cells.

RESULTS

IGF1 Improves Cardiac Function after Myocardial Infarction

To assess the influence of IGF1 on the development of contractile
function after AMI, mice were treated with IGF1 during the first
3 days after AMI, starting with reperfusion (Figure 1A). Improved
left ventricular function 4 weeks after AMI is shown in IGF1-treated
animals in representative M-mode traces (Figure 1B). In the control
group (Con) without IGF1 treatment, temporary occlusion of the
LAD coronary artery caused a reduction of the ejection fraction
(EF) by approximately 48% both at week 1 and 4 after MI compared
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with pre-AMI values (Figure 1C). The reduction in EF was caused by
systolic contractile depression, as seen by an increase in end systolic
volume (ESV) rather than by left ventricular dilatation (Table SI).
The depressed left ventricular function was also evident as a reduction
of fraction area change (FAC). IGF1 application preserved cardiac
pump function, as seen by an EF of 53.9% + 8.7%, which was signif-
icantly higher compared with Con animals at the same time point
(33.5% = 5.3%). In line with the effect of IGF1 on EF, FAC
(45.1% = 12.4% IGF1 versus 20.9% =+ 7.2% control) and ESV
(33.4 +£ 6.8 pLIGF1 versus 53.2.5 + 8.4 pl control) were also improved
by IGF1 treatment. The cardio-protective effect of IGF1 was not
restricted to 1 week after AMI but was also detected as a similar
improvement of functional parameters at week 4 after myocardial
ischemia (Figures 1C-1E). Taken together, short-term treatment
with IGF1 during the subacute phase after MI caused prolonged
improvement in left ventricular function.

IGF1 Does Not Reduce Acute Cardiac Damage after I/R

To investigate whether the protective effect of IGF1 on cardiac func-
tion was caused by differences in acute myocardial injury, both in vivo
and ex vivo effects of IGF1 on cardiac damage were determined.
In vivo, area at risk and acute infarct size were analyzed after
45 min of ischemia followed by 2 hr of reperfusion using standard
Evans blue and 2,3,5-triphenyltetrazoliumchlorid (TTC) staining.
LAD coronary artery occlusion caused areas at risk (AARs) of com-
parable sizes in the Con (33.9% =+ 5.6%) and IGF1 (33.1% =+ 6.3%)
group (Figure 1F), and IGF1 treatment did not affect acute infarct
size in vivo (38.9% = 11.4% versus 38.2% + 9.7% of AARs).

To address the effect of IGF1 on acute myocardial damage in isolated
hearts, we used 25 min of global cardiac ischemia followed by 2 hr of
reperfusion with or without 15 nM IGF1, a concentration that induces
approximately half-maximal phosphorylation of the downstream
IGF1 target protein kinase B (AKT) (Figure SIA). Administration
of IGF1 during the reperfusion phase did not affect cardiac function
or cell damage, as seen by no differences in the rate pressure product
(Figure 1G) and lactate dehydrogenase (LDH) release (Figure 1H),
respectively. Taken together, both in vivo and ex vivo application of
IGF1 had no effect on acute myocardial I/R injury but modulated
the cardiac remodeling process during the subacute phase after MI.

IGF1 Improves the Function of the Ischemic Region, Reduces
Scar Size, and Promotes Angiogenesis after Myocardial
Infarction

In another set of experiments, we focused on cardiac remodeling
1 week after AMI. As shown before, echocardiographic analysis
confirmed the beneficial effect of IGF1 on global cardiac function
(Figure 2A). An additional regional wall motion analysis (Figure 2B)
showed that IGF1 preserved radial displacement, radial strain, and
circumferential strain in the anterior free wall segment (i.e., in the
ischemic myocardium) while not influencing wall motion and
contractility in the remote myocardium (e.g., the posterior septal
wall segment) (Figures 2C-2E; Table S2). In line with these findings,
histological analysis of these hearts showed that IGF1 caused a reduc-
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tion in scar size by 37% compared with vehicle-treated control hearts
(9.2% + 4.0% versus 14.7% + 3.9% of lentiviral vectors [LVs]; Fig-
ure 2F). We excluded that this difference in scar size was due to exper-
imental differences such as location of the LAD coronary artery liga-
tion because both groups showed comparable numbers of sectional
planes with scars (Figure S2).

Furthermore, analysis of collagen III in the remote myocardium did
not show differences between the Con and IGF1 groups, indicating
that IGF1 treatment did not affect diffuse cardiac fibrosis (Figure 2G).

Immunohistological analysis of the vascularization 1 week after MI
was also performed. In the remote myocardium, we could not detect
differences in capillary density, measured as the number of CD31*
vessels of vehicle- or IGF1-treated animals (vehicle, 2,849 + 232
CD31" vessels/mm?; IGF1, 2,905 + 244 CD31" vessels/mm?; Fig-
ure 2H). In contrast, vessel numbers were increased in IGF1-treated
animals both in the border zone (Figure 2H; vehicle, 1,467 + 110
CD31% vessels/mm? IGF1, 1,677 + 72 CD31" vessels/mm? p <
0.05) and the scar area (Figure 2H; 495 + 92 CD31" vessels/mm?
versus 654 + 132 CD31" vessels/mm?% p < 0.05). No differences
were observed in the amount of CD31" & smooth muscle actin
(SMA)™ cells in any of the three regions (Figure 2H), indicating
that the effect of IGF1 is on capillaries and not arterioles.

IGF1 Protects the Heart after AMI Independent of IGF1R
Signaling in Cardiomyocytes

Because earlier work demonstrated that IGF1 may affect cardiomyo-
cyte function and survival by numerous mechanisms, including inhi-
bition of apoptosis and altered myocardial microRNA expression, '’
we hypothesized that cardiomyocytes might be the target of the
IGF1 effect. To test this hypothesis by genetic means, we conducted
experiments in iCM-IGF1RKO mice; i.e., mice with an inducible, car-
diomyocyte-restricted deletion of the IGFIR gene (Igfir).'""”
Compared with WT mice, iCM-IGF1RKO mice did not show differ-
ences in cardiac function at baseline (Figure 3; Table S2). Although
IGF1 treatment improved cardiac functional parameters such as EF
and FAC (Figures 3B-3D; Table S3) in wild-type (WT) mice after
AMI as before, we unexpectedly found that IGF1 treatment also pre-
served these functional parameters in iCM-IGF1RKO mice. These
data clearly indicated that IGFIR signaling in cardiomyocytes was
dispensable for the protective effect of IGF1 on cardiac remodeling
after myocardial infarction.

Myeloid Cell-Restricted Depletion of the IGF1R Abolishes the
Protective Effect of IGF1

To obtain insights into the molecular mechanisms and target cell
types that were affected by IGF1, we performed a microarray analysis
of the infarcted area of vehicle- or IGF1-treated mice on days 1, 2, and
7 after AMI using Agilent 60 K microarrays. Canonical pathway anal-
ysis demonstrated that predominantly immune cell-related pathways
showed the highest probability of being altered in response to IGF1
treatment on day 1 and day 2 after AMI. Analysis of “diseases and bio-
logical functions” that might underlie the improved outcome after
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IGF1 treatment consistently identified immunological functions with
high negative activation Z scores. This indicates that the IGFI-
induced alterations in the expression patterns reflected attenuated
activation and migration of leukocytes and, in particular, of myeloid
cells. These differences were most pronounced on day 1, reduced on
day 2, and vanished on day 7 (Figure 4A; Figure S3). This informative
result and the importance of myeloid cells invading the heart during
the acute and subacute phase after myocardial infarction prompted us
to investigate the effect of IGF1 signaling in myeloid cells. For this, we
conducted experiments in My-IGF1RKO mice; i.e., mice with mono-

LysMcre deleters. In these mice, we detected

efficient recombination at the IgfIr locus in neu-
trophils as well as monocytes (Figure 4B). On the functional level,
My-IGF1RKO mice did not show differences in cardiac function at
baseline compared with WT mice (Figure 4; Table S4). After AMI,
however, IGF1 had lost its protective effect on cardiac function in
My-IGF1RKO mice. As shown by the representative M-mode regis-
tration of cardiac function, IGF1 treatment improved contraction
of the anterior wall after AMI, which was not detected in IGF1-treated
My-IGFIRKO mice (Figure 4C). Quantitative analysis further
demonstrated that the elevated EF and FAC caused by IGF1 in WT
mice 1 and 4 weeks after AMI was not detectable in My-IGFIRKO
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mice (Figures 4D and 4E), indicating that IGF1R signaling in myeloid
cells is critically involved in the beneficial effect of IGF1 on cardiac
remodeling after myocardial infarction.

IGF1 Affects Macrophage Polarization In Vitro

We presumed that IGF1 might exert its beneficial effect by modula-
tion of monocyte and/or macrophage functions that, among the
myeloid cells, substantially determine the outcome after MI, either
as inflammatory (M1-like subtype) or reparative (M2-like subtype)
macrophages.'” To investigate whether IGF1 influences macrophage
polarization in vitro, we analyzed the effect of IGF1 on bone marrow-
derived cells (BMDCs) according to the protocol depicted in
Figure 5A. After mCSF-1-induced macrophage differentiation for
7 days, cells were F4/80%, CD11b", CD11c", major histocompatibility
complex (MHC) class 1I", and Ly6C" (Figure S4). Interferon vy
(IFNvy)/lipopolysaccharide (LPS) treatment led to the induction of
an M1-like macrophage phenotype (Figure 5B) characterized by the
induction of CD38, which we considered a marker for inflammatory
M1-polarized macrophages.'* In contrast, interleukin-4 (IL-4) and
IL-13 induced substantial upregulation of the mannose receptor
CD206, indicating an alternatively stimulated M2-like macrophage
subtype.”” When we used IGF1 instead of the “classic” polarizers,
we found that IGF1-treated macrophages were also positive for
CD206 and negative for CD38. Thus, IGF1 promoted polarization to-
ward an M2-like phenotype (Figures 5B-5D).

This result was further corroborated by qPCR analysis of additional

markers of macrophage polarization (Figure 5E). We found that
IGF1 induced the expression of the mannose receptor (Mrcl), argi-
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Figure 3. IGF1 Preserves Cardiac Function after
Myocardial Infarction Independent of IGF1R
Signaling in Cardiomyocytes

Mice with inducible, cardiomyocyte-restricted deletion of
the Igf1r gene (iCM-IGF1RKO) and wild-type (WT) mice
were subjected to 45 min of LAD coronary artery occlu-
sion and 4 weeks of reperfusion. At the start of re-
perfusion, mice were treated with IGF1 (IGF1) or vehicle
(Con) over 3 days. Echocardiography was performed
before I/R (pre-OP) and 1 and 4 weeks after I/R.
(A) Representative parasternal short-axis M-mode views
of Con and IGF1-treated WT and iCM-IGF1RKO mice
4 weeks after myocardial infarction. (B-D) Summarized
data for EF (B), FAC (C), and SV (D) (n = 5-6 mice for each
group). Data are presented as mean + SD. *p < 0.05
versus pre-OP, #p < 0.05 versus Con (two-way RM
ANOVA followed by Tukey’s post hoc test). Additional
functional data and the exact p value for each significant
difference can be found in Tables S3 and S5.

nase (Argl), and resistin-like o (Retnla), similar
to IL-4 and IL-13 stimulation. In contrast,
IGF1did not induce M1 markers such as tumor
necrosis factor a. (Tnf), interleukin 12A (I112a),
and type II nitric oxide (NO) synthase (Nos2).
We further investigated pro-angiogenic markers and found that addi-
tion of IGFI to macrophages led to an increase in Igfl expression
to the same level as expressed by M2-like cells but did not have any
effect on conventional angiogenic markers like Vegf or the recently
described myeloid cell-derived factor Emcl0.'° Although IGFI
induced polarization toward a M2 phenotype to some extent, it did
not affect classic polarization when given in combination with
IFN-vy and LPS and IL-4 and IL-10, respectively (Figure 5), because
we did not observe the appearance of M2 markers in IFN-y and
LPS-treated BMDCs or an elevated response in IL-4- and IL-13-
polarized cells.

week 4

IGF1 Treatment Increases CD206* Macrophages in Cardiac
Tissue after AMI In Vivo

To investigate the in vivo effect of IGF1 on macrophage subtypes, we
performed additional experiments, isolating single-cell suspensions
from hearts of either vehicle- or IGF1-treated C57BL/6] mice
3 days after myocardial infarction. The gating strategy is outlined
in Figure 6A. To correlate our in vitro analysis in BMDCs, showing
that IGF1 induced CD206" M2-like macrophage polarization,
we used CD206 as a marker to identify reparative macrophages.'”
As shown in Figure 6B, treatment did not significantly affect the
number of leukocytes (CD45"), neutrophils (CD11b" Ly6G"), and
macrophages (CD11b* Ly6G~ F4/80™ CD64"). However, analysis
of macrophage subtypes showed that IGF1 substantially increased
the mean number of CD206" macrophages (152,777 + 13,510 versus
108,071 + 14,023, p = 0.041) without affecting the number of CD206 ™~
macrophages. Thus, IGF1 shifted the ratio of the cardiac macrophage
population after AMI toward a reparative anti-inflammatory state
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under in vivo conditions. Of note, we also observed a trend toward an
increased number of neutrophils (CD11b" Ly6G™).

DISCUSSION

A major finding of this study is a hitherto unknown dependency of
the IGFl-induced improvement of cardiac function after acute
myocardial infarction on IGF1R signaling in myeloid cells, whereas
IGFIR signaling in cardiomyocytes is dispensable for this effect. In
addition, we demonstrate that IGF1 treatment is effective when
IGF1 is administered systemically, treatment is started after ischemia,
and IGF1 is applied for only 3 days, supporting the translational po-
tential of a short-term IGF1 therapy to reduce adverse cardiac remod-
eling after cardiac I/R injury.

It is well known that IGF1 plays an important role in normal devel-
opment and growth.'® Although IGF1 and its receptors have been
extensively studied, there is still increasing interest in the effect of
IGF1 in general and, in particular, in cardio-metabolic dysfunction.

pre-OP  week 1

[ My-IGF1RKO - IGF1

Figure 4. Myeloid Cell-Restricted Deletion of the
IGF1R Abolishes the Protective Effect of IGF1

To investigate the role of myeloid cells in the protective
IGF1 effect, mice with deletion of the Igf7r gene in myeloid
cells (My-IGF1RKO) were generated. (A) IGF1 versus BSA
activation Z scores of the 12 most altered pathways 1, 2,
and 7 days after Ml from a microarray analysis in C57BL/
6J mice. Pathways downregulated in IGF1-treated mice
are shown in blue, and upregulation is shown in orange
(n = 4 per group). (B) Deletion of the IGF1R gene was
verified by PCR. Both neutrophils (left) and macrophages
(right) isolated from the bone marrow of WT mice showed
the full-length fragment of ~1,000 bp, whereas My-
IGF1RKO-derived neutrophils and macrophages solely
showed a short fragment of ~300 bp resulting from
deletion of the floxed DNA segment. (C) Representative
parasternal short-axis M-mode views of Con and IGF1-
treated WT and My-IGF1IRKO mice 4 weeks after
myocardial infarction. (D-F) Summarized data for EF (D),
FAC (E), and SV (F) (n = 6-8 mice for each group). Data are
presented as mean + SD. *p < 0.05 versus pre-OP, #p <
0.05 versus WT-Con, §p < 0.05 versus WT-IGF1; two-way
RM ANOVA followed by Tukey’s post hoc test). Additional
functional data and the exact p value for each significant
difference can be found in Tables S4 and S5.

Macrophages

1000 bp

300 bp

WT KO

IGF1 deficiency affects the development of
metabolic syndrome'” and has been described
as a risk factor for cardiovascular disease.”*’
In contrast, high IGF1 levels are associated
with a reduction in the relative risk of devel-
oping myocardial infarction and for all-com-
bined acute coronary syndromes.*' In addition
to the clinical findings, the beneficial potential
of IGF1 is also supported in pre-clinical animal
studies. Among others, overexpression of the
pre-pro-IGF1-Ea peptide in cardiac myocytes
of transgenic mice substantially reduced scar size in combination
with preserved cardiac function even after permanent LAD coronary
artery ligation.” However, despite a clear protective effect in this
transgenic model, overexpression of IGF1-Ea is not a therapeutic op-
tion, and the mechanism of action remains elusive.

week 4

To overcome the limitations of a chronic transgenic approach, we
used a 3-day IGF1 infusion protocol, starting the application with re-
perfusion. Our results demonstrate that this short-term therapy
approach with exogenous IGF1 is sufficient to preserve cardiac func-
tion in a mouse model with I/R injury. Therefore, IGF1 acts as an
early switch to improve the outcome after AMI. Here we clearly
show that IGF1 did not affect acute infarct size in vivo. Moreover,
administration of IGF1 during reperfusion in I/R experiments using
the isolated, perfused heart model did not affect left ventricular func-
tion or acute cell death. Thus, the long-term improvement in cardiac
function by IGF1 was rather due to limiting the infarct expansion that
is usually caused by the inflammatory response after reperfusion than
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deleter results in loss of the cardioprotective ef-
fect. Thus, we identified cells of the early im-

due to the reduction of the acute infarct size. Also, prior studies have
demonstrated that adverse cardiac remodeling can be influenced by
exogenous IGF1. As underlying mechanisms, reduced apoptosis
and improved remodeling with enhanced vascularization of the
infarcted area have been discussed,”*?
were presented, which identified the cell type that is the primary
target of IGF1 mediating the improved cardiac function after AMI.
Notably, in this study, we demonstrate by genetic means that inacti-
vation of the IGF1R on cardiac myocytes did not attenuate the protec-
tive function of IGF1, which provides genetic proof that cardiomyo-
cytes are not the direct target in IGF1-mediated cardioprotection.

but no unambiguous results
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mune response as the main target of IGF1 action. The role of IGF1
in modulating inflammation after MI was suggested to contribute
to the beneficial effect of chronic high-level IGF1Ea overexpression
in cardiomyocytes of transgenic mice.””> However, this transgenic
model has some limitations in terms of IGF1-mediated therapy
because sustained overexpression of IGF1Ea results in cardiac hyper-
trophy and elevated ANP levels,” causing different physiological
states at the time of LAD coronary artery occlusion. Moreover,
elevated IGF1Ea is present in the myocardium before AMI, and,
therefore, it remained elusive whether the acute supply of exogenous
IGF1 would be effective in cardiac protection.
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Figure 6. IGF1 Increases Reparative (M2-like) Macrophages in the Heart 3 Days post-MI

C57BL/6J mice were subjected to 45 min of LAD coronary artery occlusion and 3 days of reperfusion. At the start of reperfusion, mice were treated with IGF1 (IGF1, light bars)
or vehicle (control, dark bars) over 3 days. (A) A representative FACS gating scheme for the analysis of reparative (M2-like) macrophages, starting after selection of living single
cells. (B) IGF1 treatment did not affect the amount of leukocytes (CD45%), neutrophils (CD11b* Ly6G*), macrophages (CD11b* LyBG~ F4/80" CD64™), or inflammatory
(M1-like) macrophages (CD206~) but increased the amount of reparative (M2-like) macrophages (CD206%). n = 7-9. Data are presented as number of cells per heart. Bar
graphs represent mean + SD. Two-tailed, unpaired t test was used to compare groups. *p < 0.05 versus control. The exact p value for the significant difference can be found

in Table S5.

Several experimental findings of our study indicate that the IGF-
mediated cardioprotection is mediated by modulation of the macro-
phage phenotype. We demonstrate that IGF1 drives polarization of
BMDCs in vitro toward a M2-like phenotype with elevated CD206,
Argl, and Retnla expression, which is similar to that achieved by
the classical M2 polarizers IL-4 and IL-13.** Thus, these data gave
us a clue regarding the potential mechanism underlying the IGF1 ef-
fect in that a preferred polarization toward M2-like anti-inflamma-
tory macrophages may induce faster resolution of inflammation
with less cell damage occurring during the acute pro-inflammatory
response. Moreover, our in vivo analysis of macrophage populations
in the infarcted hearts of IGF1-treated animals demonstrated a sub-
stantial increase in CD206" macrophages, whereas the numbers of
CD206  macrophages were not altered. This finding clearly supports
the proposed mechanism that IGF1 shifts the ratio of pro-inflamma-
tory to anti-inflammatory macrophages toward a more anti-inflam-
matory, reparative milieu. Although altered numbers of macrophage
subtypes may already explain the in vivo effects, another level of
modulation is, of course, function of IGF1-modulated macrophages.
It is well known that many factors can influence the differentiation
state of macrophages, with many distinct expression patterns mov-
ing the field from the linear M1 and M2 polarization model to a
matrix model, which demonstrated a high level of plasticity in
and by the use of single-cell
sequencing in vivo.’® Thus, the precise functional properties of

5

macrophage polarization in vitro,”

IGF1-modulated macrophages remain elusive and require further
investigation.

We also found that IGFI led to a reduction in infarct size and higher
capillary density in the scar region and border zone, which is in line
with enhanced repair. IGF1 as a growth factor with angiogenic poten-
tial could, of course, directly affect endothelial cells and promote
angiogenesis. However, we showed that IGF1-dependent cardiopro-
tection requires IGF1 signaling in myeloid cells, and, therefore, direct
stimulation of the endothelium is unlikely. In view of the elevated
angiogenesis, we also analyzed Vegf expression in IGF1-polarized
macrophages, but no effect on Vegf expression was found. We assume
that IGF1 indirectly, by modulating myeloid cell function, leads to
release of an altered set of growth factors, chemokines, and cytokines
that, among others, promote angiogenesis.

AMI induces initial infiltration of pro-inflammatory neutrophils and
monocytes and/or macrophages, clearing damaged cells and dissolv-
ing the extracellular matrix.>*’ Although our in vitro and in vivo
data point to a critical role of macrophages in IGF1-mediated cardi-
oprotection, we cannot exclude contribution of neutrophils to the
IGF1 effect because the LysMcre deleter is also active in neutro-
phils.”® Indeed, we confirmed that deletion of the Igflr gene occurred
in these cells. Early infiltration of neutrophils with the release of
pro-inflammatory cytokines and reactive oxygen species may even
enlarge myocardial damage. However, neutrophils also promote
the differentiation of monocytes toward reparative anti-inflamma-
tory M2-type macrophages”” and, thereby, influence the later resolu-
tion of inflammation, proliferation of fibroblasts, scar formation, and
angiogenesis to stabilize the myocardium and prevent cardiac
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rupture.’ Interestingly, neutrophils can also undergo pro- and anti-
inflammatory polarization,” although right now, functional sub-
groups and the diversity of neutrophil populations are much less
defined than those of macrophages, and almost nothing is known
about neutrophil functional diversity in the heart.”’ In this context,
it must be noted that our in vivo analysis of immune cell infiltration
revealed a trend toward elevated neutrophil numbers in IGF1-treated
hearts on day 3 after AMI, a finding that requires further investiga-
tion. Therefore, neutrophil- as well as macrophage-specific inactiva-
tion of Igflr will be required to dissect the role of each of these
myeloid cell types.

For many vyears, it was assumed that cardiac myocytes must be the
primary target of therapeutic interventions after ischemia, but more
recent data showed that inflammation substantially drives the remod-
eling process and affects scar size.”””> Therefore, modulation of the
inflammatory processes as shown here can be considered a further
interesting strategy to ameliorate cardiac remodeling after AMI. In
this context, myeloid cells have gained much attention besides their
role in driving myocardial inflammation. Many attempts were
made to use injection of BMDC populations to improve the func-
tional outcome after myocardial infarction. Indeed, some functional
improvement was observed, and the protective role of these cells
appears to be the result of paracrine factors that are released from
the transplanted cells.*** Indeed, several secreted proteins, such as
myeloid cell-derived growth factor (MYDGF) and EMC-10, were
discovered. Both are secreted by myeloid cells, protect cardiac myo-
cytes from apoptosis, reduce infarct size, and promote angiogen-
esis.'®*> Although we could exclude induction of Emc10 and Mydgf
expression by either IGF1 or M1 and M2 polarizers in macrophages,
it is conceivable that IGF1, via modulation of the release of growth
factors, cytokines, and chemokines from macrophages and, possibly,
from neutrophils, shifts the milieu of the infarcted myocardium
toward a more reparative state. Therefore, a detailed analysis of
the neutrophil and macrophage secretome after IGF1 treatment
will give further insight into the mechanism of IGF1-mediated
cardioprotection.

Igfl expression is another hallmark of M2-like macrophages. We also
found that IGF1-polarized macrophages elevated Igfl expression,
which was a further hint of an M2-like polarization induced by
IGF1. Thus, the appearance of M2-like cells in the myocardium after
AMI appears to create an IGF1-rich milieu. This raises the question
of why exogenous IGF1 affected infarct size at all. According to our
findings, exogenous IGF1 given during the first 3 days after AMI
triggers the enhanced appearance of reparative M2-like macrophages
already on day 3 after AMI, a time point when they usually start to
increase in number.”® When present, they may create a sustained
IGF1-rich milieu earlier than normal, allowing restriction of IGF1
treatment to the acute phase of inflammation after AMI. Our data
underscore findings that modulation of myeloid cells is an effective
approach to improve the outcome after AMI and the importance
of IGF1 as immune-modulatory cytokine with high translational
potential.
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MATERIALS AND METHODS

All animal experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals published by the NIH
(NIH publication 85-23, revised 1996). Mice were housed in conven-
tional cages with a 12-hr light and dark cycle and had ad libitum ac-
cess to food and water. All experiments were conducted after approval
from the Bezirksregierung Diisseldorf, Germany.

All experiments were performed in a randomized manner, and the
analyses of all experimental data were conducted by investigators
who where blinded to the treatment protocol.

For this study, C57BL/6] mice (Janvier), tamoxifen-inducible, cardi-
omyocyte-targeted IGF1R-null mice (iCM-IGF1RKO),'" or myeloid
cell-targeted IGF1R-null mice (My-IGF1IRKO) were used. In brief,
My-IGF1RKO mice were generated by breeding of LysMCre mice”®
and Igf1¥"" mice.”” Both lines had been backcrossed to C57Bl6/]
mice for over 20 generations. Cre-expressing mice were compared
with floxed littermates (IgfI 1.

In Vivo Regional Myocardial I/R

In brief, mice were anesthetized with 2% isoflurane, orotracheally in-
tubated, and ventilated with oxygen-enriched gas (40% oxygen) using
a rodent ventilator (Minivent microventilator, Hugo Sachs, Ger-
many). Mice were placed in a supine position on a warming plate
(Uno, Zevenaar, the Netherlands) to keep body temperature at
37.5°C and received buprenorphine (0.1 mg/kg body weight, subcu-
taneously [s.c.]) for analgesia. Electrocardiography (ECG) was re-
corded continuously. After lateral thoracotomy, the pericardium
was dissected, and a 7-0 surgical prolene suture was cautiously passed
underneath the LAD coronary artery at a position 1 mm from the tip
of the left auricle. The suture ends were passed through silicon tubing
to form a snare occluder. Myocardial ischemia was produced by tight-
ening the snare and confirmed by blanching of the myocardium and
change in ECG (decrease in S wave amplitude). After 45 min, the
snare occluder was opened to initiate reperfusion. Afterward, the su-
ture was removed, and the chest was closed. Animals of the IGF1
group received 40 ng/g mature recombinant IGF1 (Miltenyi Biotec,
Bergisch Gladbach, Germany) s.c. as a bolus at the start of reperfu-
sion. In addition, IGF1 was administered continuously for the first
days of reperfusion (1 pg/g/day) using micro-osmotic pumps (Alzet,
1003D) that were implanted s.c. At the end of the experimental pro-
cedures, mice were extubated after they regained spontaneous breath-
ing. Animals received buprenorphine (0.05-0.1 mg/kg body weight,
s.c.) every 8 hr for up to 5 days for postoperative analgesia.

Echocardiography

Left ventricular function was analyzed by echocardiography using a
Vevo2100 system (Visualsonics) equipped with a 30 MHz linear scan-
ner as described previously.”® Images were acquired at frame rates
consistently above 200 frames/s. Echocardiography was performed
before myocardial infarction and 1 and 4 weeks after myocardial
infarction. For this, mice were anesthetized with 2% isoflurane and
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placed in a supine position on an animal handling platform. ECG and
breathing rate were monitored; body temperature was kept at 37°C
using a heating system in the handling platform. In addition, an
infrared warming lamp was used when required. The linear scanner
was placed in a rail-based fixation system that allowed stable fixation
of the scanner in all positions. Brightness (B)-mode movies of the par-
asternal long axis (PSLAX) and three orthogonal short axis (SAX)
(mid-ventricular, apical, and basal) were acquired by a blinded inves-
tigator, and post-acquisition analysis was performed by the same
investigator. For analysis of end diastolic and end systolic volumes,
the endocardium of the left ventricle was traced at both diastole
and systole. An integrated software tool (Simpson) was used for anal-
ysis of ventricular volumes and FAC. EF was calculated using the for-
mula EF = (EDV — ESV)/EDV) x 100, where EDV is end diastolic
volume. Mid-ventricular SAX M-mode was used to determine the
systolic (s) and diastolic (d) thickness of the left ventricular anterior
wall (LVAW) and posterior (LVPW) wall as well as the left ventricu-
lar internal diameter (LVID), and left ventricular mass (LVmass).

Short-axis B-mode cine loops were used for analysis of regional wall
motion. Here, radial displacement, longitudinal strain, and radial
strain were assessed using the VevoStrain software in accordance
with a recently published protocol.”

Isolated Mouse Heart Experiments

C57BL/6] mice were injected intraperitoneally with 250 IU heparin.
After cervical dislocation, the heart was rapidly excised and transferred
for preparation of the aortic trunk to ice-cold Krebs-Henseleit buffer.
The aorta was cannulated, and the heart was perfused in non-recircu-
lating Langendorff mode at constant pressure (80 mmHg) with a
modified Krebs-Henseleit solution containing 118 mmol/L NaCl,
47 mmol/L KCl, 1.2 mmol/L MgSO,, 1.2 mmol/L KH,PO,,
25 mmol/L NaHCO;, 0.5 mmol/L EDTA, 2.25 mmol/L CaCl,,
8.32 mmol/L glucose, 1 mmol/L lactate, and 0.1 mmol/L pyruvate,
equilibrated with 95% O, and 5% CO, (pH 7.4, 37°C). A fluid-filled
balloon was inserted into the left ventricle, and end-diastolic pressure
was set at 3-6 mmHg. Perfusion pressure, coronary flow, and left ven-
tricular developed pressure were measured continuously. Signals were
recorded with a sampling rate of 1 kHz using LabChart 7 software
(ADInstruments, USA). Hearts were kept at 37°C using a water-heated
glass jacket. All hearts underwent a 50-min stabilization period.

To determine a concentration of IGF1 that is sufficient to stimulate
IGF1Rs in our isolated heart model, a dose-finding study was per-
formed using the phosphorylation status of AKT as an indicator of
the activation of the IGF1 signaling pathway. For this, isolated hearts
were perfused after the 50-min stabilization period for 10 min with
different concentrations of IGF1 (0, 0.05, 0.5, 5, 15, 50, or 500 nM
in 0.1% BSA). At the end of the protocol, hearts were frozen in liquid
nitrogen and stored at —80°C for later analysis.

To investigate the effect of IGF1 on cardiac I/R injury, isolated hearts
underwent 25 min of global warm ischemia followed by 60 min of re-
perfusion. IGF1 (15 nM) was administered continuously during the

reperfusion period. The coronary effluent was collected at fixed times
throughout the protocol (at 5, 10, 15, 30, and 60 min of reperfusion)
and stored at —80°C for later determination of LDH leakage as an
index of necrosis.

LDH Assay

LDH activity in the effluent was determined as a measure of cell death.
It was determined spectrophotometrically by measuring NADH
oxidation at 340 nm after addition of pyruvate at 25°C in samples
collected at 5, 10, 15, 30, and 60 min of reperfusion according to stan-
dard spectrophotometric procedures.*’

Immunofluorescence and Masson Trichrome Staining
Immunofluorescence staining was performed as described before
with slight modifications.*' Raw hearts were snap-frozen at —40°C
and cryo-sectioned at —22°C in short axis orientation. Slices
(4 pm) were taken from multiple planes of the complete heart from
the apex to the base. The distance between sampled planes was
300 pm (Figures S2A-S2D). Primary antibodies were incubated over-
night at 4°C. Secondary antibodies were incubated together for 3 hr at
room temperature in the dark. Primary antibodies were as follows:
collagen III (ab7778) from Abcam, CD31 (553370) from BD Biosci-
ences, and o-smooth muscle actin (SP6341) from ACRIS. Secondary
antibodies were as follows: Cy3 AffiniPure goat anti-rabbit immuno-
globulin G (IgG) (111-165-144) and Alexa Fluor 488 AffiniPure goat
anti-rat IgG (112-545-167) from Jackson ImmunoResearch Lab-
oratories. The slides were mounted with DAPI Fluoromount-G
(SouthernBiotech). Analyses were carried out using a Keyence immu-
nofluorescence microscope (BZ 9000) and Image] software.*

For analysis of scar size, Masson trichrome staining was performed on
cardiac cryosections. For this, sections were incubated for 15 min in
Bouin’s solution (Sigma-Aldrich), washed, and then incubated with
hematoxylin to stain nuclei. After rinsing for 10 min with water, sec-
tions were stained for 2 min with acid fuchsin-Ponceau solution
(Goldener I) (Morphisto, Frankfurt) and rinsed again with distilled
water. Subsequently, the sections were stained for 2 min with phos-
phomolybdic acid-Orange G solution (Morphisto, Frankfurt) and, af-
ter a brief rinse, with Lightgreen solution (Goldener IIT) (Morphisto,
Frankfurt) for 20 min at room temperature, and rinsed again. Then
the sections were placed in 1% (v/v) acetic acid for 1 min. Sections
were rinsed, dehydrated through alcohol, cleared in xylene (2 x
5 min), and mounted with Entellan (Merck Millipore). Images of
the sections were taken with a Keyence BZ 9000 microscope using
a 4x objective and the merge function (Keyence). Scar size was
analyzed using Image]J software and is expressed as percent of the ven-
tricular size.

Protein Analysis

For protein analysis, hearts were homogenized in lysis buffer with a
tissue raptor (QIAGEN), and protein concentrations were deter-
mined with a bicinchoninic acid assay (BCA) protein assay kit
(Thermo Scientific). Proteins were separated by SDS-PAGE on poly-
acrylamide gels and electrotransferred onto Protran nitrocellulose
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membranes (GE Healthcare) in a fast blot chamber (Thermo Scienti-
fic). Membranes were blocked in Odyssey blocking buffer (LI-COR
Biosciences) and analyzed with antibodies against phospho-AKT-
Ser”? (9271) and AKT (pan) (2920) from Cell Signaling Technology.
Secondary antibodies used were o-rabbit or a-mouse IRDye800CW
and o-rabbit or a-mouse IRDye680RD from LI-COR Biosciences.
Signals were detected and quantified with an Odyssey near-infrared
scanner (LI-COR Biosciences).

Total RNA Isolation, cDNA Synthesis, and Microarray Analysis
Total RNA was isolated from heart tissue of the area at risk using the
Fibrous Tissue RNeasy Kit (QIAGEN, Hilden, Germany; 74704) ac-
cording to the manufacturer’s instructions and used for array ana-
lyses and real-time PCR. In brief, synthesis of cDNA and subsequent
fluorescent labeling of cRNA were performed according to the man-
ufacturer’s protocol (One-Color Microarray-Based Gene Expression
Analysis and Low Input Quick Amp Labeling, Agilent Technolo-
gies). Labeled cRNA was hybridized to Agilent SurePrint G3 Mouse
GE 8 x 60K microarrays and scanned as described in the manufac-
turer’s’ protocol. Signal intensities on 20-bit tiff images were calcu-
lated by Feature Extraction software (FE version 12.0.3.2, Agilent
Technologies). Probe signal intensities were quantile-normalized
across all samples to reduce inter-array variability. Input data pre-
processing was concluded by baseline transformation to the median
of all samples. Data analyses were conducted with GeneSpring GX
software (version 12.5, Agilent Technologies). Differential gene
expression was statistically determined by moderated t tests. Micro-
array data were analyzed using the IPA (Ingenuity Pathway Anal-
ysis) software Package (QIAGEN). Microarray data were submitted
to the GEO repository (GEO: GSE121779; https://www.ncbi.nlm.nih.
gov/geol).

Isolation of Neutrophils and BMDMs

Neutrophils were isolated from the bone marrow of My-IGFIRKO
mice using a neutrophil isolation kit (Miltenyi Biotec) according to
the manufacturer’s instructions. Bone marrow-derived macrophages
(BMDMs) were isolated from the femora and tibiae of C57BL/6] and
My-IGF1RKO mice, filtered through a 40-pm filter, and cultured
in very low endotoxin (VLE)-DMEM (Merck, Germany, FG1445)
supplemented with 10% heat-inactivated fetal calf serum (FCS) in
the presence of macrophage colony stimulating factor (M-CSF)
(10 ng/mL, PeproTech, 315-02). On day 3, non-adherent cells were
discarded, and adherent cells were cultured for an additional
3 days. On day 7, the culture medium was replaced with medium
conditioned by the polarizing factors LPS (Sigma, L4391), IFN-y
(Sigma, 14777), IL-4 (PeproTech, 214-14), and IL-13 (PeproTech,
200-13) with or without IGF (Miltenyi Biotech, 130-093-887). 48 h
later, the cells were collected and used in subsequent experiments.

Flowcytometry and Real-Time PCR

Cultured BMDM cells were dissociated using cell dissociation buffer
(Thermo Fisher, 13150016), washed with Dulbecco’s PBS (DPBS)
(Thermo Fisher, 14190250), and incubated with Mouse Fc Block
(BioLegend, 101302) for 15 min, followed by allophycocyanin
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(APC)-anti-mouse F4/80 (Thermo Fisher, 17-4801-82), BV605-anti-
mouse CDI11b (BD Biosciences, 563015), APC-eFluor 780-anti-
mouse Ly6C (Thermo Fisher, 47-5932-82), Alexa700-A-anti-mouse
MHC class II (Thermo Fisher, 56-5321-82), PerCP-anti-mouse
CDl1c (Thermo Fisher, 45-0114-82), phycoerythrin (PE)-Cy7-anti-
mouse CD206 (macrophage mannose receptor [MMR]) (BioLegend,
141719), and AF488- anti-mouse CD38 (BioLegend, 102714) for
15 min. Isotype control antibodies (BioLegend, eBioscience, and BD
Biosciences) were used as the negative control. All cells were washed
with PBS before acquisition on a BD LSRFortessa. A gating scheme
is depicted in Figure S4.

RNA isolation was performed according to the manufacturer’s in-
structions using TRIzol reagent. cDNA was synthesized from 1 pg
RNA using the QuantiTect reverse transcription kit (QIAGEN).
qPCR was performed on the Step-One Plus real-time PCR system
(Applied Biosystems) with Maxima SYBR Green and ROX qPCR
Master Mix (Thermo Scientific). Transcript quantities were normal-
ized to B-actin (Actb) mRNA. Gene expression values were calculated
relative to unpolarized macrophages. PCR primer sequences are given
in Table Sé.

For flow cytometric analysis of the heart, C57BL/6] mice were sub-
jected to 45 min of LAD coronary artery occlusion and 3 days of re-
perfusion. At the start of reperfusion, mice were treated with IGF1 or
vehicle over 3 days. A single-cell suspension was obtained via retro-
grade perfusion with collagenase type I (450 U/mL, Worthington
Biochemical, LS004197) and DNAase I (60 U/mL, Roche Diagnostics,
10104159001) in Hank’s balanced salt solution (HBSS) (Gibco,
14025). After perfusion, hearts were minced and centrifuged at
300 x g for 10 min. The pellet was resuspended in PBS with 0.5%
BSA and 2 mM EDTA and filtered over 100-pum and 40-um filters.
To remove cardiomyocytes, the single-cell suspension was centri-
fuged for 1 min at 50 x g The supernatant was centrifuged for
10 min at 300 X g, and the pellet was dissolved in PBS with 0.5%
BSA and 2 mM EDTA. Cells were incubated with mouse Fc Block
(BioLegend, 101302), fixable viability dye eFluor 780 (eBioscience,
65-0865-14), BV510 anti-mouse CD45 (BD Biosciences, 563891),
APC anti-mouse CD11b (BD Biosciences, 553312), PE-Cy7 anti-
mouse Ly6G (BD Biosciences, 560601), BV421 anti-mouse F4/80
(BioLegend, 123131), PerCP/Cy5.5 anti-mouse CD64 (BioLegend,
139307), and PE anti-mouse CD206 (BioLegend, 141719). All cells
were washed prior to acquisition on a BD FACSCanto II. Data were
analyzed using BD FACSDiva software version 8.0.2. A gating scheme
is depicted in Figure 6.

Statistical Analysis

All data are presented as mean + SD. Statistical analysis with the
exception of the microarray data was performed using SigmaPlot
13.0 (Systat Software, San Jose, USA). Echocardiographic data were
analyzed by two-way repeated measures (RM) ANOVA, followed
by Tukey’s post hoc test. Here, both time effects (within subjects)
and group effects (between subjects) were analyzed. Other results
were analyzed by either two-tailed unpaired t test or one-way
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ANOV A followed by Tukey’s post hoc test, as appropriate. For all sta-
tistical tests, a p < 0.05 was considered significant.
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