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General introduction

Background 
Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber disease is a rare 
genetic autosomal dominant disorder, known for its endothelial dysplasia causing 
arteriovenous malformations, severe nose bleeds and internal bleedings1. HHT has an 
estimated prevalence affecting 1 in 5000 people1,2. HHT severity and disease onset are 
highly variable between patients, and symptoms progressively worsen with age3. HHT is 
officially diagnosed if a patient has 3 out of the 4 criteria, namely epistaxis, telangiectasias, 
arteriovenous malformations (AVMs) and/or a first degree relative with HHT. As 
establishing the diagnosis for HHT was often difficult, clinicians treating HHT patients 
gathered on Curaçao, where they decided on guidelines to improve diagnosis, the Curaçao 
criteria. The Curaçao criteria are now a standardized set of symptoms and characteristics. 
When patients are diagnosed, genetic testing is performed to identify the mutation4,5. 

The clinical symptoms remain important in the diagnosis of HHT, as the mutations 
underlying the disease are sometimes still unknown. So far, several HHT mutations with 
known target genes have been identified. Although not in every patient a mutation is found, 
in the majority of patients mutations are found in genes belonging to the TGFβ superfamily, 
causing a disbalance in the TGFβ signaling pathway by haploinsufficiency of the remaining 
functional protein6,7. HHT type 1 (HHT1) is the most prevalent HHT variant, and its 
mutation lies in the endoglin gene8, encoding a protein which functions as co-receptor of 
TGFβ, and is crucial to neo-angiogenesis and vascular repair9. Mutations in the second 
most prevalent variant is the activin receptor-like kinase 1 (ALK1) and is referred to as 
HHT210. ALK1 is a TGFβ type I receptor involved in the angiogenic switch; the promotion 
and inhibition of angiogenesis11. HHT3 and HHT4 are caused by mutations in chromosome 
5 and 7 respectively, but the genes or proteins affected are not yet identified12,13. Mutations 
in the third gene are in SMAD4, a downstream signaling protein of TGFβ/BMP, causing the 
combined syndrome of juvenile polyposis, known as JP-HHT14. Recently BMP9 (a ligand 
for ALK1) was identified as a fourth gene responsible for HHT515. The various mouse 
models available that represent the HHT variants are discussed in more detail in Chapter 2 
of this thesis.

TGFβ signaling and endothelial cells
The vascular defects and impaired angiogenesis in HHT1 are primarily caused by 
malfunctioning of the activation of ECs. Endoglin is highly expressed on activated 
endothelial cells (ECs) and it is crucial for angiogenesis, providing signaling involving 
proliferation, migration and remodeling of the extracellular matrix9,16. The effects of 
endoglin haploinsufficiency are therefore extensively researched in this cell type. Endoglin 
is a co-receptor for TGFβ, a multifunctional cytokine involved in many cellular processes 
ranging from proliferation, migration and fibrosis to apoptosis. Upon tissue damage, 
TGFβ is released by the extracellular matrix, apoptotic cells or platelets, and secreted by 
fibroblasts, macrophages and T lymphocytes17,18. 

The TGFβ signaling pathway encompasses the TGFβ superfamily of ligands, all binding to 
a specific type I/II receptor combination (Fig. 1). The TGFβ superfamily of ligands can be 
divided in two groups, the TGFβ ligands and BMP ligands. Upon binding of the ligand to 
the type II receptor, a receptor type I is recruited and a tetrameric complex is formed, after 
which the type II receptor kinase activates the type I receptor. The type I receptor kinase in 
turn phosphorylates intracellular receptor-regulated SMADs (R-SMADs) proteins. ALK1 
can form a complex with the TGFβ or BMP receptor type II in the presence of ALK5 and 
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the presence of endoglin as co-receptor19-22. The TGFβ receptor type I consists of two 
subtypes, ALK1 signaling via SMADs 1, 5 and 8, and ALK5 signaling via SMAD 2 and 3. 
In ECs, TGFβ-ALK1 signaling leads to proliferation and migration, whereas TGFβ-ALK5 
signaling leads to a quiescent state of the EC. Endoglin mainly stimulates the TGFβ-ALK1 
pathway, and suppresses the TGFβ-ALK5 pathway23. After forming a complex with the 
common mediator SMAD or co-SMAD: SMAD4, the R-SMAD and co-SMAD complex 
translocates to the nucleus where it acts as a transcription factor and modifies target gene 
expression. 

The TGFβ signaling pathway is tightly controlled and involves many activators and 
inhibitors. Although endothelial cells24 and pericytes25 have been the main research focus 
for HHT, mononuclear cells (MNCs) also play an important role in vascular homeostasis, 
integrity and repair. We have previously shown that endoglin heterozygosity impairs 
homing of HHT1-MNCs26. Studies in HHT1 patients reported increased occurrences of 
severe bacterial infections in, such as cerebral, hepatic, muscular and other infections27,28, 
possibly due to the impaired MNC response.

Fig. 1 Schematic representation of TGFβ signaling. Underlined in red are the proteins affected in 
various HHT subtypes.
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MNC trafficking and homing towards tissue damage
The process by which MNCs are attracted to ischemic, damaged or inflamed tissue is 
tightly regulated. The first step in the homing process is regulated via the stromal cell 
derived factor- 1 (SDF1) – CXCR4 axis. MNCs are recruited from the bone marrow and 
spleen via the circulation to the site of injury. The MNCs are retained within the tissue 
by high SDF1 levels29. Upon ischemia, hypoxia inducible factor 1 alpha (HIF1α) induces 
expression of SDF1 in the ischemic cells, which is then released into the bloodstream. This 
increases systemic SDF1 levels and causes MNCs to be released from the bone marrow and 
spleen, traffic through the circulation and home to the site of injury –the source of SDF1 
production– responding to SDF1 upon its binding to the receptor CXCR429,30. 

There is a delicate balance between SDF1 and CXCR4, and skewing of either one of the 
proteins or regulators involved in their activation or inhibition will result in impaired 
homing, a defective inflammatory response and hamper wound healing and tissue repair. 

DPP4 and its inhibition 
Because the MNCs cannot be allowed to migrate indefinitely, there is suppression of the 
homing signal; dipeptidyl peptidase-4 (DPP4/CD26). By cleaving the first 2 aminoacids, 
SDF1 is unable to bind to its receptor or reduce the levels of CXCR431,32. DPP4 is a 
potent proteolytic enzyme33,34. It is a 110kd transmembrane protein and is expressed by 
various cell types, such as endothelial cells, epithelial cells, melanocytes, monocytes and 
lymphocytes35,36. DPP4 is able to enzymatically cleave aminoterminal dipeptides after a 
proline or an alanine amino acid from specific target proteins. DPP4 inhibition is a well-
known therapy currently in use for type 2 diabetes mellitus (T2DM). In T2DM, DPP4 
cleaves glucagon-like peptide-1 (GLP1), an incretin hormone which is released upon food 
intake, stimulating insulin release. DPP4 inhibitors function via the decrease of incretin 
degradation, thereby preventing low insulin levels. 

To summarize, SDF1 is produced in tissues shortly after an ischemic event, and mobilizes 
MNCs from the bone marrow to the circulation. Subsequent homing of CXCR4+ cells from 
the blood to the site of injury is mediated by the SDF1 gradient and its receptor CXCR4. 
DPP4 was also found to co-localize with CXCR4, and both were internalized upon SDF1 
binding37. DPP4 enzymatically inactivates SDF1, therefore playing a critical role in limiting 
MNC recruitment to ischemic areas. 

Outline of the thesis
The aim of my thesis is to understand the effect of endoglin heterozygosity on macrophage-
mediated wound healing and tissue repair (Overview in Fig. 2). Regulating the levels of 
DPP4 is essential for MNCs to home towards damaged tissue, and thereby contributes 
to efficient repair. We have also previously reported that in HHT1, MNC-DPP4 levels 
are elevated and homing of HHT1-MNCs towards injured tissue is impaired26. When we 
pre-treated the MNCs from HHT1 patients with a DPP4 inhibitor, and injected these into 
mice with induced myocardial infarction (MI), these cells were now able to home to the 
site of injury26. In previous studies TGFβ has been reported to modulate DPP4 levels on 
MNCs38-40. However, the impact and role of TGFβ signaling and the systemic application 
of DPP4 inhibition were not yet fully investigated. Therefore we studied the effect of 
DPP4 inhibition on tissue repair after dermal injury and myocardial infarction in endoglin 
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Fig. 2 Schematic representation of the different aims and approaches to influence HHT1-MNC 
homing and differentiation to restore tissue repair. Endoglin heterozygous mice were used to 
model HHT1. In various experimental methods inducing ischemic and/or tissue damage, we 
aimed to improve tissue repair in the mice via two approaches. First, using DPP4 inhibition, 
we intended to increase the SDF1-CXCR4 homing mechanism, to restore the impaired homing 
capacity of the HHT1-MNCs. The second approach was focused on correcting the M1/M2 
differentiation in Eng+/- mice. Via use of the BMPR inhibitor LDN we aimed to restore the skewed 
BMP/TGFβ signaling; stimulating the TGFβ pathway signaling thereby resulting in improved 
M2 differentiation. 
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heterozygous mice, a mouse model of HHT1. We hypothesize that one explanation for the 
symptoms observed in HHT1 is that the MNCs required for tissue repair and an optimal 
inflammation response are also affected in their proper functioning. We therefore studied 
the impaired reparative capacity of macrophages in HHT1 and the deficiency of TGFβ 
signaling affecting the inflammatory characteristics of macrophages.

Outline per chapter
HHT1 is caused by mutations in the TGFβ co-receptor endoglin. It was therefore long 
considered a disorder affecting angiogenesis only. In recent years it has become clear that 
endoglin heterozygosity disturbs the function of many more cell types and processes. In the 
following chapters, I will describe several aspects of tissue repair using the mouse model for 
HHT1, the endoglin heterozygous mouse. 

In Chapter 2, a general overview is given on HHT genetics, etiology and signaling, in 
particular focusing on the role of circulating mononuclear cells, both their impaired homing 
and contribution to repair in HHT. 

In Chapter 3, we show that inhibiting DPP4 in vivo by treating Eng+/- mice after experimentally 
induced MI, restored homing of MNCs and benefits short term cardiac recovery by reducing 
fibrosis. Surprisingly, the number of reparative M2 macrophages increased, suggesting that 
DPP4 inhibition reduces the pro-inflammatory immune response after MI. Furthermore, in 
Eng+/- mice treated with the DPP4 inhibitor, the number of capillaries present in the infarct 
border zone increased, whereas number of arteries decreased. This suggests that angiogenesis 
is stimulated while arteriogenesis is inhibited by DPP4 inhibitor treatment in Eng+/- mice.

In Chapter 4, we explore the use of the small molecule BMPR inhibitor LDN-193189. 
Endoglin heterozygosity disturbs the BMP/TGFβ signaling balance. In vitro analysis of 
macrophage differentiation revealed that LDN treatment increased the number of reparative 
macrophages. By inhibiting BMP signaling using LDN, we aimed to stimulate TGFβ 
signaling in the Eng+/- animals. Treatment of Eng+/- mice with LDN restored cardiac 
function and reduced fibrosis after experimentally induced MI. In a second ischemia model, 
experimentally induced hind limb ischemia, LDN improved blood flow recovery of Eng+/- 
mice. We found that macrophage signaling via canonical and non-canonical pathways is 
severely impaired by endoglin heterozygosity. 

As macrophage differentiation and tissue repair is impaired in HHT1, in Chapter 5 we studied 
the effect of DPP4 inhibition in a dermal wounding model in Eng+/- animals, assessing the 
healing of the lesion. Compared to untreated animals, dermal application of a DPP4 inhibitor 
increased wound closure speed and increased M2 macrophage numbers in the lesion area. 
Levels of fibrosis were decreased, signifying a reduction in scarring of the wound site. 
Furthermore, investigation of intracellular signaling in macrophages showed that in cultured 
Eng+/- macrophages, non-canonical signaling was severely deregulated.

In Chapter 6 we describe another defect in HHT1 mice: an abnormal epicardial response 
after myocardial damage. In this study, we analyzed the composition and the behavior of 
the epicardial layer at different time-points post-MI and found that epicardial thickening is 
delayed. Furthermore, the epicardium was hyperactive in its response to cardiac ischemic 
injury when assessed at 14 days post-MI. Systemically treating Eng+/- mice with a DPP4 
inhibitor reduced epicardial thickening 14 days post-MI and increased the percentage of 
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macrophages present in the epicardial infarct border zone.

Finally, in Chapter 7 the results and conclusions of the previous chapters are summarized and 
discussed in light of future research to understanding HHT.
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Mononuclear Cells and Vascular Repair in HHT

Abstract
Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber disease is a rare genetic 
vascular disorder known for its endothelial dysplasia causing arteriovenous malformations 
and severe bleedings. HHT-1 and HHT-2 are the most prevalent variants and are caused 
by heterozygous mutations in endoglin and ALK1, respectively. An undervalued aspect of 
the disease is that HHT patients experience persistent inflammation. Although endothelial 
and mural cells have been the main research focus trying to unravel the mechanism behind 
the disease, wound healing is a process with a delicate balance between inflammatory and 
vascular cells. Inflammatory cells are part of the mononuclear cells (MNCs) fraction, and 
can, next to eliciting an immune response, also have angiogenic potential. This biphasic 
effect of MNCs can hold a promising mechanism to further elucidate treatment strategies 
for HHT patients. Before MNCs are able to contribute to repair, they need to home to and 
retain in ischemic and damaged tissue. Directed migration (homing) of mononuclear cells 
following tissue damage is regulated by the stromal cell derived factor 1 (SDF1). MNCs that 
express the C-X-C chemokine receptor 4 (CXCR4) migrate towards the tightly regulated 
gradient of SDF1. This directed migration of monocytes and lymphocytes can be inhibited by 
dipeptidyl peptidase 4 (DPP4). Interestingly, MNCs of HHT patients express elevated levels 
of DPP4 and show impaired homing towards damaged tissue. Impaired homing capacity of 
the MNCs might therefore contribute to the impaired angiogenesis and tissue repair observed 
in HHT patients. This review summarizes recent studies regarding the role of MNCs in the 
etiology of HHT and vascular repair, and evaluates the efficacy of DPP4 inhibition in tissue 
integrity and repair.

Keywords: Homing, Myocardial Ischemia and Infarction, TGF-beta, Dipeptidyl peptidase 4, 
Mononuclear Cells, Regenerative Medicine, Tissue Therapy, Cardiovascular Disease
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HHT and the underlying genetic causes
Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber disease is a genetic 
vascular disorder. The onset of the disease and severity is variable for each individual 
patient and will intensify as the disease progresses with age (Plauchu et al. 1989). To be 
diagnosed with HHT, a patient has to have 3 of the 4 Curaçao criteria, namely epistaxis, 
telangiectasias, arteriovenous malformations (AVMs), or a first degree relative with HHT. 
After diagnosis, patients are genetic screened to identify the underlying mutation (Shovlin 
et al. 2000). Since the underlying mutation cannot always be identified in every patient, the 
clinical symptoms are still important for the diagnosis of HHT. To date, 4 genes were found 
to be mutated, resulting in 4 different HHT subtypes. All genes identified are components of 
the Transforming Growth Factor beta (TGFβ) signaling pathway. The identified mutations 
will not generate aberrant proteins, but will rather result in haploinsufficiency, a reduction of 
the functional protein levels by 50%, causing a disbalance in the TGFβ signaling pathway 
(Bourdeau et al. 2000; Abdalla & Letarte 2006). HHT-1 is the most prevalent HHT subtype, 
comprising 53% of Dutch HHT patients (Letteboer et al. 2008). The HHT-1 mutation lies 
in the endoglin gene (McAllister et al. 1994), a TGFβ co-receptor modulating TGFβ and 
BMP signaling and crucial for angiogenesis and vascular repair (Pardali et al. 2010). The 
second most prevalent gene found to be mutated is the activin receptor-like kinase 1 (ALK1) 
and causes HHT-2 (Johnson et al. 1996). Approximately 40% of the Dutch HHT patients 
have this HHT-2 variant (Letteboer et al. 2008). ALK1 is a type I receptor able to signal 
downstream of either BMP or TGFβ, depending on the ligand availability and receptor 
context (Goumans et al. 2009). Hundreds of variants have been described for both HHT-1 
and HHT-2, amounting to approx. 87% of HHT cases globally, leaving about 15-20% of 
HHT families without a characterized mutation (Garg et al. 2014). HHT-3 and HHT-4 are 
linked to loci on chromosome 5 and 7 respectively, but the exact genes affected are not yet 
identified (Cole et al. 2005; Bayrak-toydemir et al. 2006). The third and fourth gene in which 
mutations are found causing HHT are BMP9 and SMAD4. Interestingly, BMP9 is a ligand 
for ALK1 (Wooderchak-Donahue et al. 2013) and SMAD4 is a transcription factor involved 
in transducing BMP and TGFβ signals from the cell membrane into the nucleus. Mutations in 
SMAD4 cause a combined syndrome of HHT and juvenile polyposis (Gallione et al. 2006).

In this review the consequences of a disturbed TGFβ signaling cascade caused by the different 
mutations found in HHT will be described, especially how this affects mononuclear cell 
(MNC) functioning and their capacity to repair.

Impaired angiogenesis in HHT is caused by disrupted TGFβ signaling
As mentioned above, all genes that have been found mutated in HHT are linked to TGFβ 
signaling. Upon tissue damage, TGFβ is released by the extracellular matrix, apoptotic cells 
or secreted by platelets, macrophages and T lymphocytes (Grainger et al. 2000; Wan et al. 
2012). TGFβ is the prototypic member of a large superfamily to which also activin and 
BMPs belong. To be able to signal, TGFβ ligands bind to the TGFβ receptor type II, and 
BMP ligands can to bind to both the BMP receptor type I and II (Goumans et al. 2009). Upon 
binding of the ligand, a TGFβ type I receptor is recruited and a heterotetrameric complex is 
formed, which in turn phosphorylates intracellular receptor regulated SMAD proteins. In 
endothelial cells, TGFβ can signal using two type I receptors, namely via ALK5 resulting in 
the phosphorylation of SMAD 2 and 3, or by the BMP type I receptor, ALK1 followed by 
activation of SMAD 1, and 5. ALK1 can only form a complex with the TGFβ receptor type 
II in the presence of ALK5 in the tetrameric complex and the presence of endoglin as co-
receptor (Lebrin et al. 2004; Goumans et al. 2009).
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The presence of these two pathways might explain the biphasic effect TGFβ has on angiogenesis, 
since TGFβ-ALK1 signaling induces endothelial cell proliferation and migration, whereas 
TGFβ-ALK5 signaling leads to a quiescent endothelium. Endoglin mainly stimulates the 
TGFβ-ALK1 pathway, and is thought to suppress TGFβ-ALK5 signaling (Goumans et al. 
2008). After phosphorylation, the receptor regulated SMADs form a complex with SMAD4, 
and translocate into the nucleus where they act as a transcription factor to ensure target gene 
expression. 

Since endoglin is involved in endothelial cell proliferation, migration and remodeling of the 
extracellular matrix (Abdalla & Letarte 2006; Lebrin et al. 2004), the vascular defects and 
impaired angiogenesis observed in HHT-1 are largely explained by malfunctioning of the 
endothelial cells (Liu et al. 2014; Jerkic et al. 2006; Düwel et al. 2007). However, although 
highly expressed on activated endothelial cells, endoglin is also present on stromal cells, 
smooth muscle cells, mesenchymal and hematopoietic stem cells, and mononuclear cells 
(MNC) (Kapur et al. 2013). The importance of endoglin for endothelial cell homeostasis 
became evident when endothelial cells that lack one allele of endoglin were studied. Endoglin 
heterozygous endothelial cells exhibit reduced ALK1-Smad1/5 signaling. Unexpectedly, 
these cells adapted their ALK5 expression with a decrease of 80% and therefore also have 
reduced ALK5-Smad2/3 signaling (Lebrin et al. 2004; Lebrin & Mummery 2008).  In contrast, 
endoglin deficient endothelial cells  show an increased  ALK1 and ALK5 signaling (Pece-
Barbara et al. 2005). This demonstrates that endoglin haploinsufficiency affects downstream 
TGFβ signaling and gene adaptation. When comparing different studies, we could conclude 
that the mutations underlying the various HHT subtypes converge in the ALK1 arm of the 
TGFβ pathway; affecting endoglin, ALK1, BMP9 and SMAD4 proteins. The imbalance 
caused by the haploinsufficiency of these proteins skews TGFβ signaling towards endothelial 
cell quiescent state, leading to impaired angiogenesis after tissue injury. 

Another manifestation in HHT is the formation of weak blood vessels, as a result of impaired 
maturation. Lebrin and co-workers found that the anti-angiogenic drug thalidomide induces 
the recruitment of mural cells such as pericytes and vascular smooth muscle cells. The 
recruitment of these cells to vessel branching points enhanced the maturation of HHT vessels 
and reduced the occurrence of epistaxis (Lebrin et al. 2010). Unfortunately thalidomide 
treatment is prone to side effects such as peripheral neuropathy and fatigue (Ghobrial & 
Rajkumar 2003; Morawska & Grzasko 2014). Current research is focused on finding a 
compound with similar mode of action, restoring the maturation of the diseased blood vessels.

Unravelling the etiology and mechanism behind HHT: lessons from mouse models
Murine models have given valuable insights into the mechanism behind the mutations found 
in HHT patients. The different heterozygous mouse models confirmed that the defect in 
TGFβ signaling due to the haploinsufficiency resembled HHT, as they developed similar 
vascular abnormalities like telangiectasias, arteriovenous malformations and endothelial 
dysplasia (Lowery & de Caestecker 2010). While endoglin deficient mice are embryonically 
lethal around embryonic day (E)10.5  and show defects in cardiac development and impaired 
maturation of blood vessels in the yolk sac (Arthur et al. 2000; Bourdeau et al. 1999), endoglin 
heterozygous mice are vital. However,  adult endoglin heterozygous mice show impaired 
angiogenesis, arteriovenous malformations and display cerebral vascular abnormalities 
(Satomi et al. 2003; Van Laake et al. 2006). Choi et al. specifically deleted endoglin in 
endothelial and smooth muscle cells using the SM22α-Cre mouse model. Combined with 
local VEGF stimulation in the brain, this endoglin deletion causes cerebral AVMs (Choi et 
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al. 2014). However, VEGF stimulation together with deletion of endoglin in the endothelium 
alone is already enough to cause vascular dysplasia (Choi et al. 2012).

ALK1 deficient mice are also embryonically lethal on E10.5 due to severe hematopoietic 
defects, arteriovenous malformations and impaired angiogenesis in the embryo as well as in 
the yolk sac (Sorensen et al. 2003; Urness et al. 2000; Oh et al. 2000). ALK1 heterozygous 
mice are viable and display HHT-2 like symptoms, such as vascular malformations, lesions 
and hemorrhages (Srinivasan 2003). Interestingly, endothelial cell specific ALK1 deletion 
leads to the formation of retinal AVMs and pulmonary hemorrhages, but also causes a reduced 
expression of endoglin (Tual-Chalot et al. 2014). 

Since SMAD4 null mice are embryonically lethal at day 7, and SMAD4 heterozygous mice 
show no abnormalities, developing a mouse model for this subtype of HHT is not possible 
(Takaku et al. 1998). Even an endothelium specific SMAD4 deletion is embryonically lethal, 
as it shows angiogenic as well as cardiac defects (Lan et al. 2007; Qi et al. 2007). 

The most recent HHT mutation identified lies within the gene for BMP9. Surprisingly, 
BMP9 knock-out mice develop normally and do not show any vascular defects (Chen et al. 
2013). This lack of phenotype is most likely due to rescue by the closely related BMP10. 
Interestingly, injection of BMP10 neutralizing antibody into the BMP9 knock-out mice 
reduced the expansion of the retinal vasculature (Ricard et al. 2012; Chen et al. 2013). This 
shows that removal of both BMP9 and BMP10 ligands is necessary to induce vascular 
abnormalities.

In conclusion, mice heterozygous for endoglin or endothelium specific deletion of endoglin 
resembling HHT-1 (Arthur et al. 2000; Choi et al. 2012; Choi et al. 2014) and animals 
heterozygous for ALK1 mice resembling HHT-2 (Srinivasan 2003), are suitable mouse 
models to unravel the etiology and mechanism behind HHT. Whether or not the double 
knock-out for BMP9/BMP10 will resemble a HHT subtype still needs to be established. 

Endoglin expression on MNC and its implications for inflammatory and regenerative 
properties
As mentioned, endoglin and ALK1 are not only expressed on endothelial cells, but also on 
some subsets of the mononuclear cell (MNC) fraction. The MNC fraction is an essential cell 
population during the inflammatory response and the repair process of damaged tissue. The 
MNC fraction consists of numerous different cell types with highly adaptive responses and 
cell plasticity. The most predominant cell types within the MNC fraction are T lymphocytes, 
monocytes and macrophages. Furthermore, there are several smaller cell populations present, 
such as natural killer cells, dendritic cells and endothelial progenitor cells (EPCs) (Isner et 
al. 2001).

In healthy subjects, endoglin is upregulated in activated monocytes, but this is impaired 
in HHT-1 patients (Sanz-Rodriguez et al. 2004). Interestingly, the increased expression of 
endoglin on activated monocytes was also impaired in HHT-2 patients (Sanz-Rodriguez et 
al. 2004). We propose that impaired signaling via endoglin and subsequent ALK1 signaling 
in MNC, and especially monocytes, might be causing immunological problems such as 
increased infection rate and leukopenia as reported (Guilhem et al. 2013; Peter et al. 2014). 
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Two phases of MNC recruitment during tissue repair
During tissue repair, two phases are essential, the inflammation and the regeneration phase. 
The MNCs, and especially the monocytes and macrophages, play important and distinct roles 
in these two phases (figure 1).

The first inflammatory phase is known as the acute phase, characterized by the infiltration 
of neutrophils, T lymphocytes and activated monocytes differentiating into inflammatory 
macrophages (Figure 1). T lymphocytes and inflammatory macrophages are necessary for the 
clearance of any infectious organisms and the removal of dead tissue and cell debris after an 
ischemic event and/or injury. The second regenerative phase is initiated when the initial influx 
of inflammatory cells is (partly) cleared from the site of injury. Secreted cytokines and growth 
factors stimulate a secondary phase of MNC and resident cells towards the regeneration area. 
Locally, TGFβ levels are elevated which will activate local endothelial cells and stimulate 
proliferation and repair/replace damaged vessels. Furthermore, the remaining MNCs, 
including a second type of monocytes that differentiate towards regenerative macrophages, 
are recruited which will shift the microenvironment towards tissue repair. The regenerative 
macrophages are able to induce cell proliferation, angiogenesis and tissue remodeling. For 
an optimal resolution and recovery of damage tissues, both the inflammatory as well as 
regenerative macrophages are essential players. To note, macrophages have a high plasticity 
and are able to change between phenotypes, depending on their microenvironment (Kim & 
Hematti 2010; Sindrilaru et al. 2011; Mantovani et al. 2013). Furthermore, macrophages 
have the capacity to interact with lymphocytes, as well as interact with and influence the 
viability and growth of mesenchymal stem cells and progenitor cells (Freytes et al. 2012). In 
addition, recent studies demonstrated that TGFβ stimulates the proliferation of regenerative 
macrophages, inducing a pro-fibrotic phenotype (Murray et al. 2011). 

MNC and inflammation in HHT
The composition of the MNC fraction is different in HHT patients compared to healthy 
subjects. The amount of peripheral blood NK and T lymphocytes was found to be reduced 
in HHT-1, HHT-2, but also in the unidentified subtypes of HHT patients, while the B 
lymphocyte and monocyte populations were unaffected, including the phagocytic activity 
of the monocytes (Guilhem et al. 2013). Furthermore, TGFβ and endoglin have been shown 
to be essential factors during inflammation and tissue repair, (Shull et al. 1992; Kulkarni 
et al. 1993; Larsson & Goumans 2001; Ishida et al. 2004; Doetschman et al. 2012). As a 
consequence of these observations, HHT-1 and HHT-2 patients show an increased infection 
rate and leukopenia (Mathis et al. 2012; Guilhem et al. 2013), revealing an important role for 
disturbed inflammatory responses in HHT. 

Since a role for ALK1 signaling in MNCs is less profound, we will focus on the function 
of endoglin in inflammatory responses. A role for endoglin in inflammatory disease became 
evident when Torsney and co-workers studied the expression of endoglin in human tissue 
samples and during wound healing. First, tissue sections taken from various affected organs 
(bowel, liver and skin) in diseases such as inflammatory bowel disease, liver cirrhosis 
and granuloma showed that endothelial endoglin expression was highly upregulated, and 
correlated with inflammatory cell infiltrate, including lymphocytes and macrophages, in the 
immediate surrounding tissue (Torsney et al. 2002). Second, tissue sections from e.g. skin 
lesions showed that there was a strong increase of endoglin 1-2 days after wounding, and a 
high level of endoglin persisted for up to one month. Interestingly, the peak of endothelial 
endoglin gene expression was reached at day 4, with the subsequent peak of protein expression 
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at day 7, which coincides with the highest influx of inflammatory cells during the first week 
after tissue injury, also known as the acute inflammatory phase (Nahrendorf et al. 2007 and 
Figure 1). 

In endoglin heterozygous mice, the restoration of a myocardial infarction was disturbed 
compared to wild type mice. This was characterized by a reduced cardiac function and by 
impaired vascularization of the damaged tissue. Interestingly, injection of human MNCs 
isolated from healthy volunteers into the circulation of the mice after myocardial infarction 
improved cardiac output and restored angiogenesis, while MNCs from HHT-1 patients 
did not have this effect (Van Laake et al. 2006). Further analysis revealed that there were 
significant lower numbers of MNCs of HHT-1 patients at the site of injury after myocardial 
infarction when compared to control MNC (Post et al. 2010; Van Laake et al. 2006). In a 
similar study analyzing the kidneys, a reduced number of migrated MNC and macrophages 
was observed in endoglin heterozygous mice (Docherty et al. 2006). In conclusion, HHT 
patients have altered subsets of MNCs and the differential expression of endoglin can explain 
the disturbance in their inflammatory response. 

Recruitment of MNC: homing  
MNC can either be recruited from different sites, such as the spleen, bone marrow or they 
are already resident in tissue or blood. The process by which MNCs, and also stem cells, are 
attracted to sites of ischemia or inflammation is tightly regulated. The main cellular homing 
mechanism is the SDF1-CXCR4 axis (figure 2). MNCs are retained in the bone marrow and 

Figure 1. Two phases of MNC recruitment. In the acute phase (day1-4) of tissue injury acute 
inflammation is initiated by the recruitment of neutrophils, monocytes and inflammatory type 
macrophages. Resolution of the inflammatory response in regeneration phase is elicited by 
the recruitment/dedifferentiation of regenerative monocytes/macrophages and lymphocytes. 
Macrophages = mφ. Adapted from Nahrendorf et al. 2007 and Loebbermann et al. 2012.
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spleen due to the high SDF1 levels (Ceradini et al. 2004). During ischemic disease, such as 
coronary artery, cerebrovascular or peripheral artery disease, levels of SDF1 are increased. 
The occlusion of an artery results in hypoxia and an increase in hypoxia inducible factor 1 
alpha (HIF1α) levels. HIF1α induces the expression of SDF1, which is then released into the 
bloodstream creating a gradient of SDF1, causing HSCs and MNCs to be recruited from the 
bone marrow and spleen, and migrate towards the highest SDF1 concentration present in the 
damaged tissue (Cencioni et al. 2012). A disturbed homing balance may result in increased 
fibrosis and adverse remodeling. For example, sustained activation of the SDF1-CXCR4 axis 
is observed in lung vessels of idiopathic pulmonary fibrosis patients (Smadja et al. 2014) and 
it was suggested that circulating fibrocytes contribute to intense remodeling of the pulmonary 
vasculature. Furthermore, infiltration of leukocytes can be mediated by integrins interacting 
and binding to endoglin, which could well be diminished in HHT-1 patients (Rossi et al. 2013).
Besides hypoxia, BMP9 is also a potent inducer of SDF1. The effects of BMP9 on 
SDF1 have been extensively studied in endothelial cells. Surprisingly, knockdown 
of either endoglin or ALK1 were shown to impair the upregulation of SDF1 by 
BMP9 (Young et al. 2012). Mutations in BMP9 are thus likely to decrease SDF1 
levels, resulting in an impaired MNC homing capacity. In conclusion, impaired 
homing of MNC and impaired SDF1 regulation are a common feature of HHT.
In contrast, in other vascular diseases like atherosclerosis it has been described that 
enhanced homing of MNCs is part of the pathology. In atherosclerosis, low density 
lipoproteins (LDL) increase endothelial SDF1 levels at the distal ends of the atherosclerotic 
plaques. In addition, LDL-induced SDF1 expression increase monocyte homing in 
vitro and monocyte adhesion via ICAM-1 interaction to the endothelium was enhanced 
and accelerated the progression of atherosclerotic plaque formation (Wei et al. 2012). 

Regulation of MNC recruitment by DPP4 
The recruitment of MNCs to sites of tissue damage is tightly regulated. In homeostasis, 
a negative regulator dipeptidyl peptidase 4 (DPP4) is able to prevent an uncontrollable 
infiltration of MNCs. DPP4, also known as CD26, is a 110kd transmembrane protein 
expressed by many different cell types, including endothelial cells, epithelial cells, 
melanocytes, monocytes and lymphocytes (Yamada et al. 2009; Zhong et al. 2013). DPP4 
is a peptidase that will enzymatically remove aminoterminal dipeptides after a proline or 
an alanine from specific proteins such as SDF1, neuropeptide Y or glucagon-like-protein 
1. DPP4 also has non-enzymatic functions. It can influence T lymphocyte function by 
binding to adenosine deaminase, and acts as a stimulatory factor in T lymphocyte activation 
pathways (Yamada et al. 2009). Furthermore, DPP4 can interact and co-internalize 
with CXCR4 (Christopherson et al. 2002), again inhibiting the SDF1-CXCR4 axis.
The presence of DPP4 on the MNC membrane and target tissue, as well as the presence 
of the soluble form in plasma will influence the migration and recruitment of MNCs. 
How soluble DPP4 is produced is not completely understood. One study suggests that 
soluble DPP4 is formed by shedding DPP4 from the cell membrane, while another 
study suggest that DPP4 is secreted by either liver epithelium or lymphocytes (Cordero 
et al. 2009; Z. Wang et al. 2014). The soluble form of DPP4 only lacks the intracellular 
and transmembrane parts, but keeps its enzymatic function (Lambeir et al. 2003).
Enhanced DPP4 activity will result in enhanced cleavage of SDF1, resulting in loss of its 
chemotaxic function. The cleavage of SDF1 therefore effectively puts a brake on the homing 
signal (Christopherson et al. 2002). SDF1 has three isoforms, SDF1α, β and γ. While the 
functions of SDF1α and β are similar (Shioda et al. 1998), SDF1γ has a higher affinity for the 
binding protein for chemokines, heparan sulfate (Rueda et al. 2012). Heparan sulfate protects 
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SDF1 against proteolysis induced by DPP4, keeping the homing signal intact.  SDF1γ 
was found primarily expressed in the adult mouse heart and to a lesser extent in the brain 
(Torres & Ramirez 2009). However, this restriction of organ expression in mice might not be 
similar in humans or during disease as SDF1γ was found upregulated in synovial dendritic 
cells and endothelial cells in patients with rheumatoid arthritis (Santiago et al. 2012). The 
role of SDF1γ in other diseases and the effects of decreased sensitivity to DPP4 are still 
unknown. However, increasing the expression of SDF1γ may be an option to stimulate the 
homing process in HHT-1 patients, making it a very interesting topic for future research.

Alternative homing pathways and mechanisms
Although the SDF1-CXCR4 axis is the main pathway, there are other mechanisms that 
influence the homing and the mobilization of MNCs. For example, SDF1 is capable of 
binding to an alternative chemokine receptor, CXCR7. CXCR7 functions as a SDF1 receptor 
and increases MNC survival and adhesion (Döring et al. 2014). Furthermore, CXCR4 is able 
to bind to macrophage migration inhibitory factor (MIF). MIF is upregulated after MI, and 
specifically increases monocyte homing by competing with SDF1 for binding to CXCR4. 
One other factor that influences homing is interferon-inducible protein 10 (IP10 or CXCL10). 
This peptide is secreted by a wide variety of cells, including MNCs, fibroblasts and endothelial 
cells. IP10 functions as a lymphocyte chemotaxic cytokine after binding to its receptor CXCR3. 
Besides stimulating homing, IP10 can also induce migration and proliferation of endothelial 
cells and vascular smooth muscle cells (van den Borne et al. 2014). The decreased numbers 
of lymphocytes found in HHT patients (Guilhem et al. 2013) together with the impaired 

Figure 2. Homing of MNC: the SDF1-CXCR4 axis. MNCs circulate through the vasculature or 
are retained by high SDF1 in bone marrow and spleen. Upon ischemia or tissue damage, SDF1 
is released into the bloodstream creating an attracting gradient for MNCs. The MNCs home 
towards the damaged tissue via this gradient. This process is negatively regulated by DPP4.
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resolution of inflammation (Peter et al. 2014), suggest upregulation of IP10 might be another 
strategy to increase homing of MNC in HHT patients and restricting the inflammatory response.
The sympathetic nervous system is another pathway involved in the stimulation of 
homing and modulation of inflammatory responses. Wang et al. showed that after stroke, 
β3-adrenergic receptor activity reduces the expression of SDF1 in the bone marrow, 
while the expression of CXCR4 was increased in bone marrow cells. The activated β3-
adrenergic receptor also increased the levels of prostaglandin E2 in the bone marrow, 
which in turn mediates T lymphocyte activation via RANKL (J. Wang et al. 2014). 
Moreover, cationic lipids such as C3a, anaphylatoxin and cathelicidin increase cell 
responsiveness to low SDF1 gradients, so-called ‘priming’(Ratajczak et al. 2012). 
In summary, the body has several mechanisms to respond to stress signals, resulting in a rapid 
and increased mobilization of MNC into the bloodstream followed by homing to the site of 
injury. The SDF1-CXCR4 axis is the most prominent and is malfunctioning in HHT-1 patients. 
Stimulating one of the other pathways may correct the homing deficiency present in HHT patients.

DPP4 inhibition in Type II Diabetes Mellitus and cardiovascular disease
DPP4 inhibitors like Sitagliptin, Vildagliptin and Saxagliptin are currently in use to treat 
patients with type 2 diabetes mellitus (T2DM). Already at baseline, serum DPP4 levels are 
higher in T2DM patients compared to controls. DPP4 inhibition reduces the cleavage of 
glucagon-like-peptide 1, an incretin protein that is released upon food intake to decrease 
insulin levels (Deacon et al. 1998; Mentlein et al. 1993). Interestingly, T2DM patients show 
a decrease in progenitor cell mobilization (including EPC) from the bone marrow to the 
circulation – comparable to the impaired homing defect found in HHT. That DPP4 inhibition 
is a feasible treatment modality for the improvement of MNC homing is strengthened by 
the observation that in DPP4 deficient mice the mobilization capacity of the progenitor 
cell population was restored after myocardial infarction, and angiogenesis improved 
(Zaruba et al. 2009). Interestingly, high serum DPP4 levels were found to be associated 
with the occurrence of left ventricular dysfunction in T2DM patients (Ravassa et al. 
2013).  Furthermore, DPP4 inhibition can affect cardiomyocyte metabolism by restoring 
their ability to switch back to fatty acid metabolism during stress (Witteles et al. 2012). 
There are many more actions of DPP4 where inhibition is capable of having protective 
effects in cardiac ischemia-reperfusion injury (Matheeussen et al. 2012). First, DPP4 is 
able to cleave the vasoconstrictor neuropeptide Y, stimulating angiogenesis via the eNOS 
pathway. Second, brain natriuretic peptide (BNP) is associated with congestive heart 
failure and is upregulated after ischemia (Mishra et al. 2014; Santaguida et al. 2014). 
BNP is cleaved by DPP4, providing protective effects through decreased natriuresis 
and vasodilation (Vanderheyden et al. 2009). Furthermore, DPP4 has a collagen binding 
domain – and consequently decreases collagen and fibronectin production, and thereby 
has the potential to decrease fibrosis (Thielitz et al. 2007). Thus, inhibiting DPP4 has a 
beneficial effect on tissue repair in more ways than only stimulating the SDF1-CXCR4 axis. 
DPP4 inhibition using Sitagliptin has no effect on MNC subsets in healthy individuals (Price 
et al. 2013), while in disease the effects of DPP4 inhibition on MNC migration are profound. 
In both wild type mice and mice with (induced) continuously proliferating cardiomyocytes, 
combining DPP4 inhibition with granulocyte colony-stimulating factor (G-CSF) increased 
stem cell mobilization and stimulated myocardial repair (Zaruba et al. 2009; Theiss et al. 
2011; Zaruba et al. 2012; Theiss et al. 2013), not only via increased retention in the ventricular 
wall, but also via reduction of the adverse remodeling and enhanced angiogenesis. Patients 
who recover from a myocardial infarction express high DPP4 levels on their MNCs, which 
is associated with a decreased heart function (Post et al. 2012). DPP4 inhibition is therefore 
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also an interesting treatment option for improving cardiac recovery. The first meta analyses 
using DPP4 inhibition in clinical trials show no adverse reactions and even a reduction of 
cardiovascular risks in T2DM patients treated with DPP4 inhibitors (such as Alogliptin, 
Vildagliptin, Sitagliptin, Saxagliptin or Linagliptin) (Monami et al. 2013; Avogaro et al. 2014). 
In contrast, DPP4 inhibition causes an increased prothrombogenic status of endothelial cells 
and correlates with upregulated tissue factor, the initiator of the coagulation cascade (Krijnen et 
al. 2012). This implicates that care should be taken i.e., treatment may not always be beneficial 
to patients with increased coagulation status. Nonetheless, the overall data implicate that 
DPP4 inhibition has positive effects on tissue repair and subsequent cardiovascular function. 

DPP4 inhibition in HHT
Interestingly, the expression of DPP4 is increased on MNCs from HHT-1 patients and might 
explain the disturbed homing of MNC and impaired tissue repair (Van Laake et al. 2006; Post 
et al. 2010). In a follow up study the MNCs of HHT-1 patients were pretreated with a DPP4 
inhibitor, which restored the amount of cells present at the site of infarct (Post et al. 2010). 
This study again suggests that not only the endothelial cells are affected in HHT-1, but also that 
the immune cells are involved. How MNCs are specifically affected by the disrupted TGFβ 
signaling in HHT patients is still not clear. However, several studies point toward a direct link 
between endoglin and the migratory capacity and function of MNC (Post et al. 2010; Torsney 
et al. 2002). In-vitro studies also demonstrated a possible direct link between TGFβ and DPP4. 
For example, the inhibition of DPP4 increases the expression of TGFβ in MNC (Reinhold et 
al. 1997; Arndt et al. 2000), but induces a reduction of TGFβ expression in skin fibroblasts 
(Thielitz et al. 2007). In contrast, TGFβ is able to downregulate DPP4 expression in MNC 
and to reduce the numbers of DPP4+ cells. In HHT-1 patients this effect was less profound, 
but the DPP4 concentration on the cells is greatly reduced (Post et al. 2010; Post et al. 2012). 
How DPP4 might interfere with TGFβ signaling and vice versa is not clear. It 
was suggested that DPP4 has a co-receptor function with CD2 and CD3 on T 
lymphocytes, providing a possible direct way of interacting with TGFβ/endoglin 
signaling on the cell membrane (Morimoto & Schlossman 1998; Gorrell et al. 2001). 

Clinical perspectives and conclusion 
HHT is not only a disease that affects the endothelial cells, the MNCs are also affected. 
The recruitment of MNCs is impaired, due to increased levels of DPP4 and reduced 
levels of endothelial membrane endoglin. The inhibition of DPP4 in other vascular 
diseases shows beneficial results not only on the homing towards damaged tissues, but 
also on the recovery of functioning of the targeted tissue. For HHT, we know that DPP4 
inhibition improves the homing of MNCs. Its impact on actual tissue repair is unknown, 
and intriguing for future research. DPP4 inhibition will potentially restore homing and 
stimulate angiogenesis and tissue repair in HHT. However, this only holds true when the 
function of MNC are not impaired, e.g. improved homing of inflammatory macrophages 
will hamper the regenerative process. More knowledge on the homing and functioning of 
MNC can therefore contribute to develop and improve new therapeutic strategies for HHT.  
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Inhibiting DPP4 in HHT1 results in regenerative macrophages and reduced fibrosis

Abstract
Aims: Hereditary Hemorrhagic Telangiectasia type-1 (HHT1) is a genetic vascular disorder 
caused by haploinsufficiency of the TGFβ co-receptor endoglin. Dysfunctional homing 
of HHT1 mononuclear cells (MNCs) towards the infarcted myocardium hampers cardiac 
recovery. HHT1-MNCs have elevated expression of dipeptidyl peptidase-4 (DPP4/CD26), 
which inhibits recruitment of CXCR4-expressing MNCs by inactivation of stromal cell-
derived factor 1 (SDF1). We hypothesize that inhibiting DPP4 will restore homing of HHT1-
MNCs to the infarcted heart and improve cardiac recovery.

Methods and Results: After inducing MI, wild type (WT) and endoglin heterozygous (Eng+/-

) mice were treated for 5 days with the DPP4 inhibitor Diprotin A (DipA). DipA increased 
the number of CXCR4+ MNCs residing in the infarcted Eng+/- hearts (Eng+/- 73.17±12.67 
vs. Eng+/- treated 157.00±11.61, P=0.0003) and significantly reduced infarct size (Eng+/- 
46.60±9.33% vs. Eng+/- treated 27.02±3.04%, P=0.03). Echocardiography demonstrated that 
DipA treatment slightly deteriorated heart function in Eng+/- mice. An increased number of 
capillaries (Eng+/- 61.63±1.43 vs. Eng+/- treated 74.30±1.74, P=0.001) were detected in the 
infarct border zone whereas the number of arteries was reduced (Eng+/- 11.88±0.63 vs. Eng+/- 
treated 6.38±0.97, P=0.003). Interestingly, while less M2 regenerative macrophages were 
present in Eng+/- hearts prior to DipA treatment, (WT 29.88±1.52% vs. Eng+/- 12.34±1.64%, 
P<0.0001), DPP4 inhibition restored the number of M2 macrophages to wild type levels.

Conclusions: In this study, we demonstrate that systemic DPP4 inhibition restores the 
impaired MNC homing in Eng+/- animals post-MI, and enhances cardiac repair, which 
might be explained by restoring the balance between the inflammatory and regenerative 
macrophages present in the heart.
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Introduction
Hereditary Hemorrhagic Telangiectasia type 1 (HHT1) is a haploinsufficient genetic vascular 
disorder caused by mutations in the transforming growth factor beta (TGFβ) co-receptor 
endoglin (CD105). HHT1 is characterized by ‘leaky’ vessel formation due to impaired TGFβ 
signaling, demonstrated by internal organ bleeding, endothelial hyperplasia, arteriovenous 
malformations (AVMs) and recurrent epistaxis, up to 8 times a day1,2. Interestingly, endoglin 
heterozygous mice (Eng+/-) can develop the same clinical features as HHT1 patients3,4. In 
time, depending on the genetic background5, Eng+/- mice develop AVMs clearly visible in the 
ear, and even suffer from nosebleeds, making the Eng+/- mouse a good experimental model to 
gain more insight in the etiology of HHT1. 

The partial loss of endoglin results in reduced angiogenesis6, and defective collateral artery 
formation after hind limb ischemia in Eng+/- mice7, emphasizing the necessity of sufficient 
endoglin expression for proper revascularization after tissue damage8,9. Although endoglin 
is mainly expressed by endothelial cells (ECs), several other cell types including smooth 
muscle cells (SMCs) and mononuclear cells (MNCs) have endoglin on their cell surface10. 
Due to the prominent role of endoglin in endothelial cell signaling and behavior, HHT1 is 
generally considered a result of endothelial dysfunction. However, it has become clear that 
the other cell types expressing endoglin, e.g. immune cells, may have a severe impact on 
angiogenesis and tissue repair as well11-13. 

Previously we showed that Eng+/- mice display a diminished cardiac recovery after 
experimentally induced myocardial infarction (MI) compared to wild type littermates14. The 
reduced cardiac function is partially rescued when human control MNCs were injected into 
the tail vein of Eng+/- mice. Interestingly, delivery of MNCs isolated from peripheral blood of 
HHT1 patients did not increase heart function post-MI. Furthermore, endoglin heterozygosity 
reduced the homing capacity of MNCs to the injured myocardium due to enhanced dipeptidyl 
peptidase-4 (DPP4, also known as CD26) expression levels14,15. This suggests that a defect in 
MNCs, and not only endothelial cells, may play a role in the pathology of HHT1.

During the cardiac post-injury response, homing of MNCs to the site of injury is regulated 
by the stromal cell-derived factor 1 (SDF1)-CXC chemokine receptor type 4 (CXCR4) 
axis. SDF1 levels are increased within the first 24 hours after MI16. MNCs expressing the 
SDF1 receptor CXCR4 respond to this gradient by homing to the site of injury. The SDF1-
CXCR4 axis is tightly controlled by the negative regulator DPP4. The catalytic enzyme 
DPP4 inactivates SDF1 by cleaving off the first two of its amino-terminal peptides, thereby 
decreasing the ability to recruit CXCR4-expressing MNCs towards the SDF1 gradient17. 

Another important target of DPP4 is the glucagon-like peptide-1 (GLP1). Preserving 
GLP1 via DPP4 inhibition stimulates insulin secretion and has therefore been the recent 
focus for treatment of type 2 diabetes mellitus (T2DM). Interestingly, DPP4 inhibition was 
shown to have multiple off-target effects that are potentially beneficial in the treatment of 
cardiovascular disease18,19. These DPP4 inhibitory actions are GLP1 independent and can 
range from having an anti-inflammatory effect20,21 to having a stimulating effect on MNC 
migration15 and differentiation22,23. Pre-treating MNCs of HHT1 patients with the DPP4 
inhibitor Diprotin A (DipA) before injection into the circulation restored their homing to the 
ischemic myocardium15. Unfortunately, this is not a suitable protocol for clinical practice to 
pre-treat MNCs of HHT1 patients, as cells have to be isolated in sufficient numbers from the 
patients’ peripheral blood, treated with a DPP4 inhibitor and re-injected. Therefore, the aim 
of this study is to determine whether systemic application of a DPP4 inhibitor is as effective 
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in restoring homing of Eng+/- MNCs to the site of ischemic injury. 

Materials & Methods

Animals and study design
Experiments and analyses were conducted on male endoglin wild type (Eng+/+, or referred to 
as WT) and heterozygous (Eng+/-) transgenic mice and LysM-Cre-Engfl/+ / LysM-Cre-Engfl/fl 
(endoglin targeted recombination under regulation of the Lysosome M promoter) transgenic 
mice. All mouse strains were kept on a C57BL/6Jico background (Charles River). To obtain 
the Eng-conditional knockout mouse lines, endoglin floxed mice (Engfl/fl) were cross-bred 
with LysM-Cre24,25 animals to create the LysM-Cre-Engfl/+ and LysM-Cre-Engfl/fl mice. All 
mouse experiments were approved by the regulatory authorities of Leiden University (the 
Netherlands) and were in compliance with the guidelines from Directive 2010/63/EU of the 
European Parliament on the protection of animals used for scientific purposes. 

Humane endpoints were observed 5 days post-MI and onwards, as the following criteria and 
symptoms: when mice displayed reduced mobility, decreased grooming, and/or impaired 
reaction to external stimuli. In addition, for 3 days post-MI and onwards: when the wound 
area displayed bleeding, swelling, redness and/or discharge, the mice would be euthanized by 
carbon dioxide. The mice were weighed at the day of surgery and at the cardiac ultrasound 
time points and euthanized when more than 15% loss of weight occurred. All mice that 
died before meeting the criteria for euthanasia –just after myocardial infarction or within 10 
days post-MI- died because of cardiac rupture due to the deterioration of cardiac tissue after 
ligation of the left anterior descending coronary artery. Animal health and behavior were 
monitored on a daily basis by the research and/or animal care staff, all trained in animal 
care and handling. Once animals reached endpoint criteria, the euthanasia was performed 
immediately or at the least the same day when reported.

Myocardial infarction in mice
Myocardial infarction (MI) was experimentally induced as described before15.  The mice 
(n=5-18 per group) were anesthetized with isoflurane (1.5-2.5%), intubated and ventilated, 
after which the left anterior descending (LAD) coronary artery was permanently ligated by 
placement of a suture. The mice were treated with the analgesic drug Temgesic, both pre-
operative and 24 hrs post-operative to relieve pain. The mice were randomly allocated and 
treated i.p. with either 100 μl distilled water daily (Milli-Q ultrapure, sterile water = MQ 
treated or control group) or 100 μl DPP4 inhibitor (5 nMol, 55 μg/kg/day, Diprotin A, Sigma-
Aldrich) for the first 5 or 14 days post-MI. 

Cardiac function measurements
Mice were anesthetized with isoflurane (1.5-2.5%), after which cardiac ultrasound was 
performed and recorded with the Vevo 770 (VisualSonics, Inc., Toronto, CA) system, using 
a 30 MHz transducer (RMV707B). Imaging was performed on the longitudinal axis of the 
left ventricle using the EKV (Electrocardiography-based Kilohertz Visualization) in long 
axis view imaging mode. The percentage ejection fraction was determined by tracing of the 
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volume of the left ventricle during the systolic and diastolic phase using the imaging software 
Vevo770 V3.0 (VisualSonics, Inc., Toronto, CA). 

Cultured macrophages from mouse bone marrow
Monocytes were isolated from the mice femur and tibia and subsequently cultured in 
RPMI 1640 culture media (#11875093, Gibco, ThermoFisher Scientific), supplemented 
with 10% FBS (#10270, Fetal Bovine Serum, Gibco, ThermoFisher Scientific) and 1 ng/ml 
granulocyte-macrophage colony stimulating factor (GM-CSF, #315-03, Peprotech) to induce 
differentiation into macrophages. Macrophage cultures from 3 mice of each genotype were 
pooled to obtain sufficient protein to perform Western blot analysis. 

Western blotting
Cultured macrophages were lysed on ice with cold radio immunoprecipitation assay (RIPA) 
lysis buffer (in house) supplemented with protease inhibitors (Complete protease inhibitor 
cocktail tablets, Roche Diagnostics, #11697498001) and protein concentration was measured 
using BCA protein assay (Pierce BCA Protein Assay Kit, #23225, ThermoFisher Scientific). 
Equal amounts of protein were loaded onto 10% SDS-polyacrylamide gel and transferred to 
an Immobilon-P transfer membrane (# IPVH00010, PVDF membrane, Millipore). The blots 
were blocked for 1 h using 10% milk in Tris-Buffered Saline and 0.1% Tween-20 solution and 
incubated O/N with goat anti-mouse endoglin (1:1000 dilution, BAF1097, R&D Systems) or 
mouse anti-β-Actin (1:10.000 dilution, A5441, Sigma-Aldrich). Blots were incubated for 1 h 
with horse radish peroxidase anti-goat (goat anti-mouse IgG Poly-HRP Secondary Antibody 
HRP conjugate, #32230, ThermoFisher Scientific) or anti-mouse (ECL mouse IgG, HRP-
linked whole Ab #NA931, Sigma-Aldrich, GE Healthcare, UK). Blots were developed in 
a Kodak X-omat 1000 processor with Thermo Scientific SuperSignal West Dura (Extended 
Duration Substrate) or SuperSignal West Pico and exposed to Fuji SuperRX medical X-ray 
film. Analysis was performed using Image J (National Institute of Mental Health, Bethesda, 
Maryland, USA).

Immunofluorescence and immunohistochemistry
Hearts were dissected from carbon dioxide-euthanized mice, 4, 14 or 28 days post-MI, 
fixated overnight at 4⁰C in 4% paraformaldehyde in PBS, and then washed with PBS, 50% 
EtOH and 70% EtOH for 1 h each, followed by embedding in paraffin wax. Sections of 6 µm 
thickness were mounted onto coated glass slides (VWR SuperFrost Plus microscope slides). 
The paraffin sections were stained as previously described26 using antigen retrieval. Primary 
antibodies were incubated overnight at 4⁰C and directed  against rat anti-mouse CXCR4 
(clone 2B11, dilution 1:100, # 551852, BD Pharmingen), rat anti-mouse MAC3 (CD107b, 
dilution 1:200, #550292, BD Biosciences), rabbit anti-mouse Mannose Receptor (CD206, 
dilution 1:300, ab64693, Abcam), rabbit anti-mouse alpha smooth muscle actin (αSMA, 
dilution 1:500, ab5694, Abcam), rat anti-mouse PECAM-1 (CD31, dilution 1:800, #TLD-
4E8, BD Pharmingen) and goat anti-mouse cardiac troponin I (cTnI, 1:1000 dilution, #4T21, 
HyTest). Appropiate fluorescent-labelled secondary antibodies (ThermoFisher Scientific) 
were incubated for 1.5 h, at 1:250 dilutions. The slides were mounted with Prolong Gold-
DAPI Antifade (# P36931, ThermoFisher Scientific) reagent. 
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Staining of fibrotic tissue was performed using Picrosirius Red (PSR) collagen staining which 
includes deparaffinization, 1 h incubation with PSR solution (Sirius red F3B, CI 35780, 
Sigma Aldrich, in Picrine acid solution, # 690550, Klinipath), washing in acidified water and 
mounting with Entellan (#107960, Merck) reagent. Staining of macrophages present in the 
infarct border zone using rat anti-mouse MAC3 (CD107b, dilution 1:200, BD Biosciences) 
was performed using avidin/biotin-based DAB peroxidase staining with the Vectastain ABC 
system (Vector Laboratories) and hematoxylin counterstain to visualize cell nuclei. 

Flow cytometry
After isolation of the hearts (n=3-6), the left ventricle was excised and washed with PBS. 
Heart tissue was digested in collagenase I (450 U/ml), collagenase XI (125 U/ml), DNase 
I (60 U/ml) and hyaluronidase (60 U/ml) (Sigma-Aldrich #H3506) at 37⁰C for 1 h. Hearts 
were subsequently homogenized through a 100-μm cell strainer (VWR-Corning #10054-
458). MNCs were isolated using Ficoll gradient (Histopaque-1083, Sigma, # 10831). Mouse 
MNCs from either 50 μL of whole blood (treated 5min with erythrocyte lysis buffer, #930725, 
Alrijne hospital Leiden), or cells isolated from heart, bone marrow and spleen were labeled 
1 h at room temperature with anti-mouse CD11b (1:1600, BD Biosciences, #561114) and 
Ly6C (1:800, BD Biosciences, #561085) for macrophages. Macrophages were identified 
as inflammatory M1: Ly6G-/CD11b+/Ly6Chigh and regenerative M2 macrophages: Ly6G-/
CD11b+/Ly6Clow as previously described27. Lymphocytes subsets were labeled with CD3e 
(1:800, BD Biosciences, #558214), CD4 (1:800, Invitrogen, #MCD0422), CD8a (1:1600, 
BD Biosciences, #553032) and Ly6G (1:1600, BD Biosciences, #560602) in buffer (2mM 
EDTA/ 0.5% BSA in PBS). 

All acquisitions were performed on a LSRII flow cytometer (BD Biosciences) and analyzed 
by FACS Diva software (BD Biosciences) and Flowing software 2.5.1 (Cell Imaging Core, 
Turku Centre for Biotechnology, Finland). Gating strategies are provided in S7 Figure.

Morphometry
Infarct size was determined in Picrosirius Red staining images by calculating the percentage 
infarct area of the total left ventricular area. Cell infiltration was determined by quantification 
of 2 to 4 digital images per heart, at the border zone inside the infarcted area, taken at 40x 
magnification (CaseViewer 3D Histech). The same method was used for quantification of 
capillary and artery presence, except analysis was now at the outside border zone of the 
infarct, where cardiomyocytes were still viable. Data were blinded to the investigator and 
quantified by using ImageJ v1.46r (NIH, USA).

Statistics
All results are expressed as mean ± standard error of the mean (SEM). Statistical significance 
was accepted at p<0.05. Statistical significance was evaluated using one-way ANOVA testing 
for difference between multiple groups. Adjustment for multiple comparisons with either 
Tukey’s or Dunnett’s testing and unpaired students T-testing for testing between two groups, 
using Graphpad Prism v6 for Windows. For data with groups where n=3, non-parametric 
testing was performed with Kruskal-Wallis ANOVA and Dunn’s multiple comparisons test. 
Significant differences between survival curves were tested with a log-rank Mantel-Cox test. 
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Results

Involvement of macrophage-expressed endoglin during cardiac regeneration 
We have previously shown that HHT1 MNCs are impaired in their homing capacity towards 
ischemic tissue14. To establish the endogenous contribution of MNCs to the Eng+/- phenotype, 
an LysM-specific mouse model for targeting myeloid cells (monocytes, macrophages and 
granulocytes) was generated. Mice with either a heterozygous or homozygous deletion for 
LysM-specific endoglin were analyzed. To validate recombination, MNCs were allowed to 
differentiate towards macrophages in the presence of GM-CSF and western blot analysis 
showed reduced endoglin expression in the LysM-Cre-Engfl/+, and a near absence of endoglin 
in the LysM-Cre-Engfl/fl macrophages (Fig. 1A and B). 

The deletion of endoglin in monocytes did not affect survival post-MI (Fig. 1C). Analysis of 
cardiac function showed a trend towards reduced EF in the LysM-Cre-Engfl/fl mice (Fig. 1D, 
WT 34.07±3.65% vs LysM-Cre-Engfl/fl 22.73±4.30%, P=0.09), suggesting an involvement of 
endoglin in macrophage function during cardiac repair. However, since cardiac dysfunction 
of the LysM-Cre-Engfl/fl phenotype post-MI is not as pronounced as the reduction in EF seen 
in the Eng+/- mouse after MI (Fig. 1D, WT 32.45±4.06% vs. Eng+/- 17.98±2.06%, P<0.05), we 
concluded that the injury response in HHT1 is likely to be an interplay between a multitude 
of cell types, only partially represented by the LysM population. We therefore continued by 
analyzing the effect of DPP4 inhibitor treatment in the Eng+/- animals.

DPP4 inhibition restores the in vivo MNC homing capacity in Eng+/- mice
Macrophage infiltration is important for proper repair of damaged tissue 12,28,29. Pre-treatment 
of the HHT1-MNCs, expressing enhanced levels of DPP4, with a DPP4 inhibitor prior to 
intravenous injection after experimentally induced MI in the mouse restored homing of these 
cells to the infarct site. Therefore, we asked the question whether systemic administration 
of a DPP4 inhibitor would have the same effect, and treated mice with the DPP4 inhibitor 
Diprotin A (DipA) systemically via intraperitoneal (i.p.) injection from day 0 till day 5 
post-MI. Flow cytometric analysis of blood samples at baseline revealed that the mice did 
not display any leukopenia because of endoglin heterozygosity (S1 Figure; gating strategy 
provided in S7 Figure A and B). At day 4 post-MI, during the peak of inflammatory cell influx 
12, MNC homing to the infarcted border zone is diminished in Eng+/- mice (Fig. 2A) as shown 
by a decrease in the number of CXCR4 positive MNCs in the infarct border zone (Fig. 2A, 
quantification in B). 

Systemic DipA treatment of Eng+/- mice did not affect survival up to 14 days post-MI (S2 
Figure), nor did it hematopoietic cell release from the bone marrow (data not shown), or 
granulocyte presence in the blood or infarcted cardiac tissue (S3 Figure and gating strategy 
provided in S7 Figure C). DipA treatment did increase the homing of CXCR4 expressing 
cells to the infarct border zone of Eng+/- heart to similar levels as observed in MQ treated 
WT mice (Fig. 2B, WT control 154.50±17.21 and Eng+/- control 73.17±12.67 vs. Eng+/- 
DipA treated 157.00±11.61, P=0.0003). DipA treatment of control mice did not result in a 
significant increase in MNC influx post-MI, suggesting that a maximal homing capacity is 
already achieved in these animals (Fig. 2B, WT control 154.50±17.21vs. WT DipA treated 
178.00±6.50). The same restorative effect on homing was observed for MAC3 positive 
macrophages. Quantification of MAC3+ cells in the infarct border zone showed a decreased 
number of macrophages in infarcted hearts of Eng+/- mice, but their homing is enhanced upon 
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Fig. 1. Monocyte specific knock-out of endoglin does not recapitulate the Eng+/- phenotype. 
(A) Western blot analysis of endoglin protein expression in LysM-Cre-Eng+/+, LysM-Cre-
Engfl/+ and LysM-Cre-Engfl/fl cultured macrophages. A representative experiment is shown. (B) 
Quantification of the Western blots for endoglin protein in LysM-Cre-Eng+/+, LysM-Cre-Engfl/+ 
and LysM-Cre-Engfl/fl cultured macrophages in two independent experiments(macrophage 
cultures from 3 individual mice of each genotype were pooled per western blot). (C) Kaplan-
Meier survival curve of wild type (WT), LysM-Cre-Engfl/+ and LysM-Cre-Engfl/fl mice 28 days 
post-MI (n=6-10). (D) Cardiac function in percentage ejection fraction (%EF) 14 days post-MI. 
Cardiac function was measured by ultrasound in long axis view (n=5-9). Data are shown as mean 
± SEM, *P<0.05.
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Fig. 2. DPP4 inhibitor treatment of Eng+/- mice restores homing of MNCs to injured myocardium 
at 4 days post-MI. 
(A) Representative microscopy images of CXCR4 expression in the infarct border zone. 
White = surviving myocardium, black/grey area = infarcted myocardium. Photos taken at 30x 
magnification. Scale bar: 50μm. CXCR4 = red, cTnI = white, DAPI nuclear staining= blue. (B) 
Quantification of CXCR4 expressing cells in the infarct border zone (n=6-8). Data shown are 
mean ± SEM, *P<0.05. (C) Quantification of MAC3 positive cells in the infarct border zone (n=6-
7). Data shown are mean ± SEM, *P<0.05. (D) Representative microscopy images of MAC3+/
CD206- (%M1) and MAC3+/CD206+ (%M2) expressing cells in the infarct border zone. Smaller 
panels: Top panel is the MAC3 signal, lower panel is the CD206 signal. Photos taken at 50x 
magnification. Scale bar: 20μm MAC3 = red, CD206 = green, DAPI = blue. (E) Quantification of 
the ratio of MAC3+/CD206- (%M1) and MAC3+/CD206+ (%M2) expressing cells in the infarct 
border zone (n=6-7). (F) Flow cytometric analysis of the macrophage population in the infarct 
area, ratio of inflammatory M1(Ly6G-/CD11b+/Ly6Chigh) versus regenerative M2 macrophages 
(Ly6G-/CD11b+/Ly6Clow) (n=3-6, non-parametric ANOVA testing). Control = MQ treated, DipA 
= Diprotin A treated group. Data shown are mean ± SEM, *P<0.05.
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systemic treatment with DipA (Fig. 2C, Eng+/- 45.17±5.73 vs. Eng+/- DipA treated 82.27±7.68, 
P=0.002 and representative photos of DAB staining in S4 Figure). 

As observed for the CXCR4 expressing cells, DipA treatment did not affect the number 
of macrophages present in the infarcted hearts of wild type mice. Since there are two 
main populations of macrophages involved in tissue repair 12, we analyzed  the effect of 
DPP4 inhibition on the inflammatory-like (M1) and regenerative-like (M2) macrophage 
subtypes in the infarct border zone (Fig. 2D). Analysis of the percentage of M2 in the 
total macrophage population (represented by the percentage MAC3/CD206 positive cells) 
revealed a decrease in M2 in Eng+/- mice compared to wild types (Fig. 2E, WT 29.88 ±1.52% 
vs. Eng+/- 12.34±1.64%, P<0.0001). After DipA treatment, there was a significant increase in 
the percentage of M2 macrophages within the total population of macrophages in both wild 
type and Eng+/- mice, and consequently a decrease in M1 macrophages. Importantly, DipA 
was able to restore the M1/M2 ratio in Eng+/- mice to WT levels. We further corroborated 
our findings by flow cytometric analysis of the macrophage population in the infarct area. 
Inflammatory M1 (Ly6G-/CD11b+/Ly6Chigh) were increased in the Eng+/- at baseline compared 
to regenerative M2 macrophages (Ly6G-/CD11b+/Ly6Clow). DPP4 inhibition showed a trend 
towards a decrease in M1 macrophages (Fig. 2F and gating strategy provided in S7 Figure 
D). Thus, systemic DipA treatment of Eng+/- mice restores homing of MNCs to, as well as the 
macrophage M1/M2 balance in the injured heart 4 days post-MI.

DPP4 inhibition reduces infarct size 
By treating the mice with DipA from day 0 to 5 post-MI, homing was stimulated during the 
peak of inflammatory cell influx (Fig. 3A). To assess the effect of DipA treatment on infarct 
size we quantified the fibrotic area using Picrosirius red staining at day 14 post-MI (Fig. 
3B and C). As expected, control Eng+/- mice showed an increase in infarct size compared to 
WT controls (Fig. 3C, WT control 24.30±2.12% vs. Eng+/- control 46.60±9.33%, P=0.009). 
Upon DipA treatment, no effect on infarct size was detected in wild type animals (Fig. 3C, 
WT DipA 27.41±3.74%), however in Eng+/- mice a significant decrease in infarct size was 
observed (Fig. 3C, Eng+/- control 46.60±9.33% vs. Eng+/- DipA 27.02±3.04%, P=0.02), which 
resulted in similar infarct sizes as observed in the wild type mice. 

Effect of DPP4 inhibition on cardiac function 
Since DPP4 inhibition enhanced homing of circulating MNCs to the injured heart, reduced 
infarct size and increased the number of regenerative macrophages present in the heart, we 
investigated the effect of DipA treatment on cardiac function after MI using ultrasound at 
baseline, and day 7 and day 14 after MI. Baseline analysis showed that cardiac function 
at baseline was similar between wild type and Eng+/- mice is similar (S5 Figure). At 7 and 
14 days post-MI, control treated Eng+/- animals showed a significantly lower cardiac EF 
compared to control treated wild type mice (Fig. 4A, WT control day 7; 31.01±4.32% vs. 
Eng+/- control day 7;18.68±1.84% and WT control day 14; 32.45±4.06% vs. Eng+/- control 
day 14; 17.98±2.06%). Treating wild type animals with DipA did not result in significant 
changes in the EF (Fig. 4B, also compare to 4A, WT DipA treated day 7; 27.53±3.24% vs. 
WT DipA treated day 14; 34.15±2.69%). Interestingly, DipA treatment in Eng+/- did result 
in normalization of the EF to the same values as WT animals at day 7 (Fig. 4B, Eng+/- DipA 
treated day 7; 26.94±5.65%), although at day 14, it was less pronounced (Fig. 4B, Eng+/- 
DipA treated day 14; 22.02±3.65%). Nevertheless, these functional data coincide with the 
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reduced infarct size observed in Fig. 3.  

As we observed that endoglin heterozygosity skews the M1/M2 ratio towards a more 
inflammatory profile, both homing and/or differentiation of Eng+/- MNCs might be delayed. 
Therefore, we prolonged the daily DipA treatment from 5 till 14 days post-MI. Extended 
DPP4 inhibition resulted in a similar decrease in cardiac function in wild type mice compared 
to short term (5 days post-MI) treated mice (Fig. 4C). While initially DPP4 inhibition in the 
Eng+/- animals improves cardiac function, Eng+/- mice showed a gradual reduction of cardiac 
function in the 6 month follow-up (ΔEF in Fig. 4C and %EF is provided in S6 Figure). Thus, 
neither short term nor prolonged DipA treatment resulted in a long term beneficial effect on 
heart function in Eng+/- mice. 

Fig. 3. DPP4 inhibitor treatment reduces infarct size. 
(A) Experimental protocol and treatment overview. At day 0, MI is induced and DPP4 inhibition 
is started (shown in green) till day 5 post-MI by intraperitoneal (i.p.) injection of DipA (treatment 
group) or distilled water (control group). Cardiac echography was performed at day 7 and 14 
post-MI. (B) Histological analysis of the infarct size by Picrosirius red staining for collagen (n=5-
9). Transverse sections of left ventricle, photos taken at 1.0x magnification. Infarct area = dark 
pink, healthy myocardium = light pink, blood cells = yellow. (C) Quantification of Picrosirius red 
staining in left ventricle (LV). Mice were subjected to MI and treated with either distilled water or 
DipA from day 0 till day 5 by daily i.p. injection (n=5-9). Control = MQ treated, DipA = Diprotin 
A treated group. Data shown are mean ± SEM, *P<0.05.
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Fig. 4. DipA treatment does not maintain improved cardiac function of Eng+/- mice after MI. 
(A) Experimental overview and percentage EF at 7 and 14 days post-MI of control treated mice, 
measured by ultrasound via left ventricle tracing (n=5-9). Data shown are mean ± SEM, *P<0.05. 
(B) Percentage EF 7 and 14 days post-MI of DipA treated mice, measured by ultrasound via left 
ventricle tracing. Note that the control WT and Eng+/- groups are the repeat of measurements 
used for Fig. 1D (n=9-11). Data shown are mean ± SEM, *P<0.05. (C) Long term treatment 
overview and Δ%EF. DipA treatment (shown in green) up to 14 days post-MI and cardiac 
function with extended follow-up of 6 months (n=5-11). Data depicted as ΔEF are the EF at the 
time point indicated on the x-axis compared to EF measured at day 7 post-MI. Cardiac function 
was measured by ultrasound via left ventricle tracing. DipA= DPP4 inhibitor Diprotin A, US = 
Ultrasound measurement. Control = MQ treated, DipA = Diprotin A treated group. Data shown 
are mean ± SEM, *P<0.05.
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DPP4 inhibition increases angiogenesis but decreases vessel maturation in Eng+/- animals
Since neoangiogenesis is important for cardiac repair post-MI, we investigated the effect 
of DipA treatment on vascularization by staining the hearts for PECAM-1 and αSMA and 
analyzed the presence of capillaries and arteries in the infarct border zone. The number of 
capillaries in the Eng+/- mice was increased compared to wild type animals (Fig. 5A). In both 
wild type as well as Eng+/- mice, DipA treatment further increased the number of capillaries 
present in the border zone (Fig. 5A, Eng+/- 61.63±1.43 vs. Eng+/- treated 74.30±1.74, P=0.001). 
Surprisingly, the number of arteries in the infarct border zone was significantly lower in the 
DPP4 inhibitor treated Eng+/- mice (Eng+/- 11.88±0.63 vs. Eng+/- treated 6.38±0.97, P=0.003), 
which may suggest that vessel maturation or arteriogenesis is impaired (Fig. 5B). 

Macrophage presence in the ventricular wall is prolonged in Eng+/- mice
Tissue repair is a tightly controlled process, with a delicate balance between the influx of 
inflammatory cells needed to remove cell debris after ischemia, and their resolution thereafter 
when damaged tissue is repaired. A prolongation of the inflammatory phase is detrimental for 
tissue repair. Interestingly, a significantly higher number of macrophages was observed in the 
infarct border zone of the Eng+/- mice compared to the wild type mice 14 days post-MI (Fig. 
5C, WT 7.06±0.97 vs. Eng+/- 25.13±2.76, P<0.0001). DipA treatment of Eng+/- did not reduce 
the total number of macrophages to wild type levels. 

Analyzing the macrophage phenotypes, we observed a disbalance in the M1/M2 ratio in the 
hearts of Eng+/- mice 4 days post-MI. Therefore, macrophage quantity and subtype in the 
heart was also analyzed 14 days post-MI. Interestingly, Eng+/- DipA treated mice showed an 
increase in M2 levels reaching wild type levels (Fig. 5D WT 51.7% vs. Eng+/- treated 52.7%), 
while in wild type mice DipA treatment resulted in a significant drop in the percentage of M2 
cells (Fig. 5D WT 51.7% vs. WT treated 22.0%, P=0.04). These results suggest that there is 
a prolonged inflammatory response and possibly an impaired resolution of inflammation in 
Eng+/- mice, and the macrophage balance can be skewed towards the M2 subtype by DPP4 
inhibition.     

Discussion 
In this study we demonstrate that after MI, the decrease in myocardial function observed in 
our HHT1 animal model is not solely caused by a disturbed endothelium response, but also 
in part by impaired MNC function. MNC homing and differentiation into inflammatory and 
regenerative macrophages is important for proper tissue repair. In our previous research, we 
found that MNC homing towards the ischemic myocardium is severely affected by endoglin 
heterozygosity, together with enhanced DPP4 levels15. Here, we demonstrate that homing of 
MNCs to the ischemic myocardium could be restored by systemic DPP4 inhibition. Although 
DipA treatment did reduce the infarct size in Eng+/- mice to similar levels as in wild type 
animals, it did not result in long term improvement of EF. Detailed analysis of the infarcted 
ventricle demonstrated that neovascularization was increased in the Eng+/- infarct border zone 
upon DPP4 inhibition, while arteriogenesis or vessel maturation was dramatically decreased. 
Furthermore, analyzing the macrophage subsets, a prolonged presence of inflammatory-
like macrophages (M1) was observed. We therefore conclude that the inflammatory and 
regenerative function of Eng+/- macrophages is affected. Interestingly, DPP4 inhibition could 
restore this M1/M2 imbalance to WT levels. 
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Complete endoglin deficiency in mice  results in embryonic lethality around mid-gestation 
due to cardiovascular defects and the formation of enlarged fragile vessels4. Eng+/- mice or 
endothelial deletion of endoglin in adult mice results in a relatively mild phenotype. Only after 
a secondary hit like induction of tissue damage or inflammation, the impairments of endoglin 
deficiency become apparent in the form of reduced angiogenesis and the development of 
AVMs30-32. In the current study, we observed that the macrophage specific deletion of Eng 
did not result in similar levels of cardiac deterioration as found in Eng+/- animals, implying a 
multifactorial nature of HHT1. This emphasizes the need for endoglin heterozygosity to be 
present in all cell types of the heart to recapitulate the HHT1 disease phenotype.

Furthermore, we show that the homing capacity of MNCs in the Eng+/- mice could be restored 
by systemic DPP4 inhibitor treatment. In cardiovascular patients an association was found 

Fig. 5. DPP4 inhibition affects angiogenesis in the infarct border zone post-MI. 
(A) Capillaries in infarct border zone, day 14 post-MI. Quantification of PECAM-1 positive 
vessels per area (n=4-6). Data shown are mean ± SEM, *P<0.05. (B) Arteries in infarct border 
zone, day 14 post-MI. Quantification of PECAM-1/αSMA positive vessels per area (n=4-6). Data 
shown are mean ± SEM, *P<0.05. (C) Quantification of total macrophage (MAC3) number in day 
14 post-MI hearts (n=4-6). Data shown are mean ± SEM, *P<0.05. (D) Quantification of MAC3+/
CD206+ (%M2) expressing cells in the infarct border zone 14 days post-MI (n=3-6). Control = 
MQ treated, DipA = Diprotin A treated group. Data shown are mean ± SEM, *P<0.05.
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between increased DPP4 presence on MNCs and poor recovery after coronary intervention33. 
Together with our observation of decreased homing capacity of the MNCs, HHT1 now 
proves to affect other cell types and functions as well, in particular the lymphocytes and 
monocytes31,32,34,35. Macrophages are an important subfraction of the MNC population, as 
macrophages have both inflammatory and angiogenic capacity and are essential in tissue 
regeneration and remodeling28. The shift of the inflammatory-like macrophages (M1) to the 
regenerative-like macrophages (M2) is essential for optimal resolution of inflammation36. 
Immune function and the angiogenic capacity of macrophages are most likely impaired 
in Eng+/- mice37,38. Recent studies suggested that there is an intrinsic inflammatory defect 
in HHT1 patients as well. Investigators report leukopenia, increased risk of infection34 
and impaired endoglin upregulation in activated monocytes of HHT1 patients35. We now 
observed an increased ratio of M1/M2 macrophages in Eng+/- mice hearts post-MI, which 
may indicate that the increase in M1 macrophages is due to either impaired differentiation 
of the M1 towards M2 macrophages, or decreased homing capacity of M2 macrophages. 
In renal ischemia-reperfusion injury, the same disbalance in M1/M2 was also reported in 
Eng+/- mice39. DPP4 inhibition has been shown to shift the M1/M2 balance towards more 
reparative macrophages22,23. We show that in Eng+/- mice DipA treatment restored both 
the total number of macrophages as well as the M1/M2 ratio. This effect was maintained 
up to 10 days after cessation of DPP4 inhibitor treatment. The shift of the macrophage 
population towards M2 induced by DPP4 inhibition was also observed by Brenner et al.22, 
when analyzing macrophage presence in the aortic walls of ApoE-/- mice in a model for 
atherosclerosis. Likewise, a reduction of atherosclerotic lesions20 and total macrophage 
presence was reported in ApoE-/- mice treated with DPP4 inhibitor, together with a reduction 
in smooth muscle cell proliferation40. DPP4-null mice had an increased expression of M2 
genes41 and furthermore, DPP4 inhibition had anti-inflammatory effects on macrophages in 
general by decreasing pro-inflammatory NFκB signaling42. An increase in M2 macrophages 
was also observed upon DPP4 inhibitor treatment in another atherosclerosis model using 
LDLR-/- mice43, moreover, a recent meta-analysis showed a decreased infection rate in T2DM 
patients treated with a DPP4 inhibitor44. Here we show for the first time, to our knowledge, 
that DPP4 inhibition polarizes the M1/M2 ratio towards a more regenerative phenotype in 
a mouse model for HHT1. Furthermore, our data suggests that endoglin heterozygosity not 
only impairs homing of the MNCs, but affects proper differentiation and/or function of the 
macrophages, as we find more M1 at the infarct site and a decrease in resolution of immune 
cells 14 days post-MI in Eng+/- animals. 

In addition to improved homing of circulating (stem) cells, we and others show that DPP4 
inhibition significantly stimulated vascularization and cardiac repair45-47. In conjunction an 
increase in capillary number was observed at the infarct border zone, confirming an increase 
in endothelial regeneration, possibly by enhanced presence of regenerative M2 macrophages. 
Interestingly, the number of arteries present was found to be significantly lowered in the 
DPP4 inhibitor treated Eng+/- mice. Vessel maturation is known to be affected in Eng+/- mice, 
due to dysfunctional mural cells and pericytes48,49. Our results therefore suggest that DPP4 
inhibitor treatment most likely further impairs vessel maturation in Eng+/- mice, due to its 
involvement in vascular smooth muscle cell recruitment50,51.

DPP4 inhibitors have been reported to increase cardiomyocyte survival, however the 
exact mechanism is not yet fully understood. DPP4 has many targets beside SDF1, like 
atrial natriuretic peptide (ANP)- a protein associated with cardiomyocyte survival52. DPP4 
inhibition might therefore decrease the inactivation of ANP by DPP4, and contribute to 
cardiomyocyte survival/protection. Furthermore, when MI was performed in DPP4-/- mice, 
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these mice show an increased survival compared to DPP4+/+ mice52. DPP4 inhibitor treatment 
in previous reports already showed a modest, albeit not significant gain of cardiac function 
in wild type mice after MI53.  Interestingly, at day 14 post-MI the infarct size in Eng+/- mice 
treated with DipA was significantly smaller and similar in size compared to wild type control 
levels.  Concordantly, we observed an initial increase in EF upon DipA treatment. However, 
improved cardiac function in Eng+/- mice was not preserved at day 14 post-MI. These results 
suggest that DPP4 inhibition conveys a decrease of the fibrotic response in Eng+/- animals, 
resulting in a reduced infarct size, though this is not reflected in a sustained improvement of 
heart function. This could be in part explained by the fact that although capillary presence is 
increased, in HHT1 endothelial functionality is impaired, forming leaky vessels. Secondly, 
the misbalanced MNC population present in HHT1 might result in an exaggerated and 
prolonged immune response, which is likely to disturb tissue repair. 

We hypothesized that when homing of Eng+/- MNCs to the infarct site was restored, cardiac 
function would improve, as was observed in wild type animals46,53. Although increased 
homing and a decrease in infarct size were observed, this did not correlate with a long term 
positive effect on cardiac function. The Eng+/- mice showed either a reduced differentiation 
towards, or presence of the regenerative macrophage subtype and interestingly this level 
could be corrected by DPP4 inhibition. However, although the fibrotic response was restored 
to wild type levels and MNC recruitment was re-established, the Eng+/- mice still show a 
decrease in cardiac function. This suggests that the impaired function of the Eng+/- MNCs that 
homed to the infarct site still exists. Combining DPP4 inhibition with G-CSF treatment for 
enhanced MNC recruitment, Zaruba et al. showed that ameliorated MNC homing resulted in 
a significant increase in cardiac function in mice. However, testing this treatment in patients 
suffering from MI, the combination failed to show any beneficial effect on cardiac function54,55.

How DPP4 inhibition affects MNC function is still unclear. DPP4 inhibition is already 
being tested in several clinical trials in cardiovascular disease (CVD), and meta-analyses 
of the risks involved have proven to be varied in outcome. Several meta-analyses have been 
performed in the field of T2DM. Upon DPP4 inhibition, no increase in CVD was observed 
in T2DM patients, but risk of infection was reduced44. In addition, although no effect was 
seen on cardiovascular mortality, short term DPP4 inhibition reduced chances of MI events, 
while long term treatment showed a possible increase in heart failure cases56,57. Other meta-
analyses showed either no effect or a reduction of cardiovascular events, also with long term 
treatment58-61.

As described in this study, DPP4 inhibition positively affects cardiac fibrosis and initially, also 
cardiac function. We showed by using a PSR staining that fibrosis is enhanced in Eng+/- mice 
and decreases upon DPP4 inhibition. A relation between DPP4 inhibition and reduction in 
fibrosis was also demonstrated in a kidney model62. Furthermore, inhibition of DPP4-positive 
fibroblasts reduced scarring of murine dermal wounds63 and DPP4 inhibition also mediated 
antifibrotic effects in dermal fibroblasts64. DPP4 inhibition is shown to be cardioprotective in 
several studies (reviewed in Grilo et al.65). A study overexpressing DPP4 resulted in promoted 
mammary tumorigenesis and transformation of epithelial cells66, indicating DPP4 inhibition 
is the way forward. 

DPP4 and its inhibition has a multitude of functions and effects, many of which are still 
poorly understood. This is exemplified by the study from Zhu et al.67, where they show that 
DPP4 is able to target neuropeptide Y and peptide YY in the cardiac nerves, proteins that can 
result in activation of cardiac fibroblasts. To the contrary, many anti-fibrotic aspects have 
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been described, and by various mechanisms; DPP4 inhibitors were reported to lower active 
TGFβ (via reduction of DPP4 -CIM6PR membrane receptor interaction) and also decrease 
fibronectin expression68-70. Together, the beneficial effects of DPP4 inhibition on MNC 
homing, reduction in fibrosis and restoration of regenerative macrophage differentiation 
could provide a suitable treatment for general tissue repair in HHT1 patients. However, this 
study suggests that treating HHT1 patients with a DPP4 inhibitor post-MI should not be 
considered as monotherapy, but ought to be combined with additional MNC stimulating 
agents and/or arteriogenic stimulation. Although DPP4 inhibition is an accepted treatment 
in T2DM patients, a better understanding of its mode of action should first be gained before 
further conducting clinical trials for applying this treatment on any other disease or disorder 
like HHT1.
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Supplementary Figures    

S1 Figure. Eng+/- mice do not display leukopenia.
Flow cytometric analysis of the major leukocyte subsets in the circulation of the mice groups at 
day 0 (pre-MI and pre-DipA treatment). Leukocytes labeled for anti-mouse  CD3, CD3+/CD4+,  
CD3+/CD8+ and CD11b+/Ly6G- (n=3-6, non-parametric ANOVA testing). Control = MQ treated, 
DipA = Diprotin A treated group. Data shown are mean ± SEM, *P<0.05.
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S2 Figure. DPP4 inhibition does not affect survival of WT and Eng+/- mice. 
Kaplan-Meier curve of WT and Eng+/- mice 14 days post-MI. Graph depicts percentage of 
surviving WT and Eng+/- mice, control and DipA treated animals (n=12-18). Control = MQ 
treated, DipA = Diprotin A treated group.   



64

Chapter 3

S3 Figure. The granulocyte subset is not affected in Eng+/- mice at baseline or by DipA treatment 
4 days post-MI.
Flow cytometric analysis of the granulocyte subset in the circulation of the mice at (A) day 0 (pre-
MI and pre-DipA treatment) and (B) day 2 and (C) 4 post-MI in the circulation. (D) Granulocytes 
isolated form the infarcted part of the LV 4 days post-MI. Leukocytes labeled with anti-mouse 
CD11b, Ly6G. Granulocytes were identified as the CD11b-/Ly6G+ population of the live gate 
(n=3-6, non-parametric ANOVA testing). Control = MQ treated, DipA = Diprotin A treated 
group. Data shown are mean ± SEM, *P<0.05.
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S4 Figure. MAC3 expressing cells in the infarct border zone 4 days post-MI. 
Transversal sections of mouse hearts were stained for macrophage marker MAC3 using 
immunohistochemistry (n=6-7). Photos taken at 15x magnification. MAC3 = brown, nuclei = blue.
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S5 Figure. Eng+/- mice show no difference in baseline ejection fraction. 
Baseline cardiac function in percent ejection fraction (%EF) between WT and Eng+/- mice (n=4).. 
Cardiac function was measured by ultrasound. Data shown are mean ± SEM, *P<0.05.

S6 Figure. DPP4 inhibition does not improve cardiac function long term. 
Percentage EF 7, 14, 28 days and 6 months post-MI of WT(+/+) and Eng+/- (+/-) mice, control 
(Milli-Q ultrapure sterile water, MQ) and DipA treated animals. EF was measured by ultrasound 
and analyzed by left ventricle tracing (n=5-11). Data shown are mean ± SEM, *P<0.05.
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S7 Figure. Flow cytometry gating strategy T-cells, monocytes and macrophages.
(A) Gating strategy for CD3, 4 and 8 T-cells in the blood. The first gating step is a gate for live 
cells using FSC and SSC. T-cells are subsequently identified using CD3. T-cells subsets are then 
identified with CD4 and CD8.
(B) Monocytes gating strategy in the blood. The first gating step is a gate for live cells using 
FSC and SSC. The second gating step is for monocytes, identified by CD11b positive and Ly6G 
negative labeling.
(C) Granulocyte gating strategy in the blood. The first gating step is a gate for live cells using FSC 
and SSC, the granulocytes are subsequently identified by Ly6G.
(D) Macrophage subsets gating strategy from MNCs isolated from the left ventricle. The first gating 
step is a gate for live cells using FSC and SSC, the monocytes are identified by CD11b positive and 
Ly6G negative labeling. The inflammatory-like M1 macrophages are then subsequently identified 
by Ly6Chigh and regenerative-like M2 macrophages identified by Ly6Clow labeling. 
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Abstract 
Hereditary hemorrhagic telangiectasia type 1 (HHT1) is a severe vascular disorder caused 
by mutations in the TGFβ/BMP co-receptor endoglin. Endoglin haploinsufficiency results 
in impaired neovascularization and tissue repair after ischemic injury like myocardial 
infarction (MI) or hind limb ischemia. Furthermore, HHT1 patients display an impaired 
immune response, demonstrated by increased infection rates. To date it is still not understood 
to what extend immune cells are affected by the HHT1 pathology. Therefore we investigated 
the immune response during wound repair in Eng+/- mice, a model for HHT1. We observed 
that these mice had a prolonged period of monocyte-derived macrophage infiltration after 
experimentally induced MI. Moreover, there was an increased number of inflammatory 
Ly6Chigh/CD206--macrophages (M1-like) at the expense of reparative Ly6Clow/CD206+-
macrophages (M2-like). Interestingly, HHT1 patients showed increased numbers of 
inflammatory macrophages. In vitro analysis revealed that TGFβ-induced differentiation of 
Eng+/- monocytes into M2 macrophages was blunted. Inhibiting BMP signaling by treating 
monocytes with BMP receptor inhibitor LDN-193189 normalized their differentiation. 
Systemic LDN treatment after MI improved heart function and enhanced vascularization in 
both wild type and Eng+/- mice. The beneficial effects of LDN were also observed in the hind 
limb ischemia model. While blood flow recovery was hampered in vehicle treated animals, 
LDN treatment improved tissue perfusion recovery in Eng+/- mice. In conclusion, BMPR 
inhibition restores HHT1 macrophage imbalance in vitro and improves tissue repair after 
ischemic injury in Eng+/- mice.
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Introduction
Endoglin (also known as CD105) is a transmembrane protein that functions as a co-receptor 
for Transforming Growth Factor-β (TGFβ)1 and TGFβ3. Mutations in endoglin resulting 
in haploinsufficiency are the cause of the autosomal dominant vascular disorder Hereditary 
Hemorrhagic Telangiectasia type 1 (HHT1). HHT1 is rare life-threatening disorder 
characterized by local angiodysplasia like arterial venous malformations, telangiectasia 
and recurrent epistaxis. Besides vascular dysplasia, an impaired immune response was 
also observed in HHT1 patients, evident by e.g. increased infection rates in the brain, 
joints and liver1. To gain more insight into the etiology of HHT1, the murine model for 
HHT1, the endoglin heterozygous (Eng+/-) mouse, has been extensively studied.  Similar 
to HHT1 patients, Eng+/- mice display decreased wound healing2 and impaired resolution 
of inflammation3. We have previously shown that Eng+/- mice also have a delay in blood 
flow recovery and a reduction of collateral artery and capillary formation after hind limb 
ischemia (HLI)4. Furthermore, Eng+/- have reduced myocardial repair after experimentally 
induced myocardial infarction (MI)5, and systemic application of wild type mononuclear 
cells (MNCs) stimulated revascularization of the injured myocardium and restored cardiac 
recovery of Eng+/- mice, an effect not seen when MNCs of HHT1 patients were used5. The 
exact role of endoglin in inflammation and tissue repair is not yet completely understood, but 
a rapid increase in expression levels of endoglin during the inflammatory phase of wound 
healing suggests endoglin is involved in these processes6-8.  Furthermore, while in healthy 
individuals the expression of endoglin is upregulated in activated monocytes9, this response 
is impaired both in HHT1 patients10 and Eng+/- mice11, resulting in e.g. an increased infection 
rate and leukopenia1,3,11,12. 

 Endoglin exerts its effect by modulating TGFβ and bone morphogenetic protein 
(BMP) signaling, two pathways proven to be essential during cardiovascular development 
and disease13,14, inflammation and tissue repair15-20. TGFβ is the prototypic member of a large 
family of growth factors to which also the activins and BMPs belong13. Upon tissue damage, 
TGFβ is released from the extracellular matrix, and/or secreted by activated fibroblasts, 
endothelial cells, platelets, macrophages and T-cells21-23. TGFβ signaling is initiated by 
binding of the ligand to a complex of type I and type II (TβRII) transmembrane receptors. 
In endothelial cells and macrophages, TGFβ can propagate the signal by forming a complex 
between the TβRII and a type I receptor known as activin receptor-like kinase (ALK). 
Signaling via the type I receptor ALK5 results in phosphorylation of the transcription factors 
Small mothers against decapentaplegic (Smad)2 and Smad3. Complex formation of TβRII 
and the type I receptor ALK1 is followed by activation of Smad1 and Smad5. ALK1 can 
only signal via TGFβ by forming a heterotetrameric complex consisting of two TGFβ type 
II receptors, ALK1 and ALK5, in the presence of endoglin as co-receptor24-26. In the absence 
of endoglin, major vascular defects and impaired angiogenesis are observed, which can only 
partly be explained by malfunctioning of the endothelial cells by enhanced TGFβ/ALK5 
signaling. It is however not known what the role of endoglin deficiency in monocytes entails 
and how this contributes to vascular repair after an ischemic event. 

 Cardiac repair after MI can be divided in 3 phases: the ischemic phase, the 
inflammatory phase and the regenerative phase27. During the ischemic phase, cells within 
the obstructed area are devoid of oxygen and nutrients and go into apoptosis or necrosis. 
In the inflammatory phase, cellular debris within the injured myocardium are resolved by 
recruitment of immune cells, inflammatory-like macrophages (M1-like, from here onwards 
referred to as ‘M1’), secretion of cytokines and degradation of extracellular matrix27. 
Approximately 5 days post-MI, the regenerative phase starts and is hallmarked by the 
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release of cytokines stimulating vascularization, recruitment of endothelial progenitor cells 
and differentiation of regenerative-like macrophages (M2-like, from here onwards referred 
to as ‘M2’)27,28. The immune cells resolve after 2-3 weeks and a fibrous scar is formed27. 
Although we have shown impaired vascular recovery after ischemic injury in Eng+/- mice 
using two different models4,5,29, as well as a disbalance in M1/M2 macrophages29, the relation 
between these two observations and endoglin heterozygosity is still poorly understood. 
Therefore, the aim of this study is to elucidate the effect of endoglin heterozygosity on M1 
and M2 macrophages during the different phases of cardiac recovery. We show that hampered 
differentiation of Eng+/- monocytes into M2 macrophages contributed to the impaired tissue 
repair. Moreover, the impaired macrophage differentiation was confirmed in monocytes of 
HHT1 patients, which could be restored by inhibiting BMP signaling. Finally, BMP receptor 
inhibition improved tissue repair of both the Eng+/- ischemic myocardium as well as the 
Eng+/- ischemic hind limb. 

Methods

Clinical studies
The procedures performed were approved by the medical ethics committee of the St. Antonius 
Hospital Nieuwegein, the Netherlands. The study conforms to the principles outlined in the 
1964 Declaration of Helsinki and its later amendments. All persons gave their informed 
consent prior to their inclusion in this study. Venous blood samples from 7 HHT1 patients 
and 5 age- and gender-matched healthy human volunteers were collected. Peripheral blood 
MNCs were isolated by density gradient centrifugation using Ficoll Paque Plus (GE Life 
sciences, #17-1440-02), according to the manufacturer’s protocol.

Animals
All mouse experiments were approved by the regulatory authorities of Leiden University (the 
Netherlands) and were in compliance with the guidelines from Directive 2010/63/EU of the 
European Parliament on the protection of animals used for scientific purposes. Experiments 
were conducted in 10-12 weeks old Eng+/+ and Eng+/- male or female C57BL/6Jico mice 
(Charles River).

Myocardial infarction 
Myocardial infarction (MI) was induced in male mice, as described before [35]. Briefly, 
mice were anesthetized with isoflurane (1.5-2.5%), intubated and ventilated, after which the 
left anterior descending coronary artery was permanently ligated. The mice were given the 
analgesic drug Temgesic, both pre-operative and 24hrs post-operative to relieve pain. Mice 
were randomly allocated to the treatment or placebo control groups. Placebo or LDN-193189 
(2.0 mg/kg, Axon Medchem, #Axon1509) was administered twice daily via intraperitoneal 
injection from 2 days after MI till day 14. Heart function was measured by echocardiography 
14 days post-MI after which the hearts were isolated and fixated in 4% paraformaldehyde (in 
PBS) and embedded in paraffin. 
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Animal health and behavior were monitored on a daily basis by the research and/or animal 
care staff, all trained in animal care and handling. Humane endpoints were observed as 
the following criteria and symptoms: when mice displayed reduced mobility, decreased 
grooming, and/or impaired reaction to external stimuli. In addition, for 3 days post-MI and 
onwards: when the incision area displayed bleeding, swelling, redness and/or discharge, the 
mice would be euthanized by carbon dioxide. The mice were weighed at the day of surgery 
and at the echocardiography time points and euthanized when more than 15% loss of weight 
occurred. Mice that died before meeting the criteria for euthanasia –just after myocardial 
infarction or within 10 days post-MI- died because of cardiac rupture due to the deterioration 
of cardiac tissue. 

Cardiac function measurements
Mice were anesthesized with isoflurane (1.5-2.5%), after which echocardiography was 
performed and recorded using the Vevo 770 (VisualSonics, Inc., Toronto, CA) system, using 
a 30 MHz transducer (RMV707B). Imaging was performed on the longitudinal axis of the 
left ventricle using the EKV (Electrocardiography-based Kilohertz Visualization) imaging 
mode. The percentage ejection fraction was determined by tracing of the volume of the left 
ventricle during the systolic and diastolic phase using the imaging software Vevo770 V3.0 
(VisualSonics, Inc., Toronto, CA).

Hind limb ischemia and perfusion imaging
Hind limb ischemia (HLI) was induced as described before30. In brief, male and female mice 
were anesthetized by intraperitoneal injection of midazolam (8.0 mg/kg, Roche Diagnostics), 
medetomidine (0.4 mg/kg, Orion), and fentanyl (0.08 mg/kg, Janssen Pharmaceuticals). 
Ischemia of the left hind limb was induced by electrocoagulation of the left femoral artery, the 
right hindlimb served as control. After surgery, anesthesia was antagonized with flumazenil 
(0.7 mg/kg, Fresenius Kabi), atipamezole (3.3 mg/kg, Orion), and buprenorphine (0.2 mg/
kg, MSD Animal Health). Blood flow recovery to the hind limb was measured using laser 
Doppler perfusion imaging (LDPI, Moore Instruments). During LDPI measurements, mice 
were anesthetized by intraperitoneal injection of midazolam (8.0 mg/kg, Roche Diagnostics) 
and medetomidine (0.4 mg/kg, Orion). After LDPI, anesthesia was antagonized by 
subcutaneous injection of flumazenil (0.7 mg/kg, Fresenius Kabi) and atipamezole (3.3 mg/
kg, Orion). Humane endpoints after induction of HLI were observed as the following criteria 
and symptoms: when mice displayed reduced mobility, decreased grooming, and/or impaired 
reaction to external stimuli. Furthermore, when the incision wound area displayed bleeding, 
swelling, redness and/or discharge, the mice would be euthanized by carbon dioxide. 

Immunohistochemistry
Hearts were dissected from carbon dioxide-euthanized mice, fixated overnight at 4⁰C in 4% 
paraformaldehyde (in PBS), dehydrated and embedded in paraffin wax. Hearts were cut in 6 
µm sections, mounted onto coated glass slides (VWR SuperFrost Plus), and stained for the 
presence of macrophages in the infarct border zone using rat anti-mouse MAC3 (CD107b, 
dilution 1:200, BD Biosciences, #550292) and goat anti-rat biotinylated secondary antibody 
(1:300, Vector Laboratories, #BA-9400). An avidin/biotin-based DAB peroxidase staining 
was used (Vectastain ABC system, Vector Laboratories, #PK-4000) to detect antibody 
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binding, next to a hematoxylin counterstain for cell nuclei. 

Infarct size was determined by Picrosirius Red (PSR) collagen staining; slides were 
deparaffinized and hydrated, followed by 1 h incubation with PSR solution; 0.1gram Sirius 
Red F3B (Merck) dissolved in 100 ml saturated picric acid solution (pH=2.0) (Sigma, 
#P6744). Slides were washed in acidified water, dehydrated in ethanol and mounted with 
Entellan (Merck) mountant. 

Immunofluorescent stainings were performed using standard protocol as previously 
described31 for visualization of capillaries by PECAM (CD31, dilution 1:800, Santa Cruz 
, #sc-1506), arteries by both PECAM (CD31, dilution 1:800, Santa Cruz Biotechnology 
Inc.) and αSMA (alpha smooth muscle actin, dilution 1:500, Abcam) and macrophages were 
stained with CD11b (MAC-1, dilution 1:200, Biolegend, #1012505, clone M1/70),  MAC-3 
(CD107b, dilution 1:200, BD Biosciences, #550292) and CD206 (dilution 1:300, Abcam, 
#ab64693). Simultaneously detection of p-Smad1/5/8 (dilution 1:100, Cell signaling, 
#9511) was performed by 30 min antigen retrieval and subsequently p-Smad2 (dilution 
1:200, Cell signaling, #3101) was amplified using a TSATM-Biotin System (Tyramide Signal 
Amplification) Kit (Perkin Elmer Life Science, #NEL700A). Fluorescent-labelled secondary 
antibodies (ThermoFisher Scientific) were incubated for 1.5 h, at 1:250 dilutions. Sections 
were mounted with Prolong® Gold Antifade mountant with DAPI (ThermoFisher Scientific, 
# P36931).

Isolation of immune cells from murine hearts
Hearts were harvested from the mice 4 days post- MI and put in PBS buffer on ice. After 
excision of the left ventricle, the tissue was put into 1ml digestion buffer (450U Collagenase A, 
Sigma Aldrich, # 10103578001, 60U hyaluronidase, Sigma Aldrich, #H3506, 60U DNAse-1, 
Roche, #10104159001) at 37°C for 1 h. The tissue homogenate was filtered through an 80μm 
cell strainer (Falcon # 352350) and MNCs were isolated using Ficoll density gradient specific 
for small mammalians (Histopaque-1083, Sigma Aldrich # 10831). Flow cytometry and 
staining was performed as described below.

Flow cytometry
Mouse monocytes from either 50 μL of whole blood, bone marrow mononuclear cells, 
or from heart lysates were stained for CD11b (with anti-mouse CD11b, BD Biosciences, 
#561114), Ly6C (Bio-rad Laboratories, # MCA2389A647T or BD Biosciences, #561085) 
and CD206 (Bio-rad Laboratories, #MCA2235A488T), to identify M1 and M2 macrophages 
respectively. 

Human monocytes were isolated from peripheral blood, by ficoll gradient separation. Total 
MNCs (3×105 cells per sample) were stained with anti-CD14-ECD (Beckman Coulter, 
IM2707U) and anti-CD16-APC (Beckman Coulter, # A66330). Fluorescence was measured 
with LSRII flow cytometer (BD Biosciences) and analyzed by FACS Diva (BD Biosciences) 
and FlowJo software (FlowJo LLC).

Cultured macrophages from mouse bone marrow
Monocytes were isolated from the bone marrow using CD11b+ magnetic beads (Miltenyi 
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Biotec MACS #130-049-601) and subsequently cultured in RPMI medium (Gibco RPMI 
1640 Medium, #11875-093 ), supplemented with 10% FBS (Fetal Bovine Serum, Gibco, 
ThermoFisher Scientific, #10270) and 1ng/ml GM-CSF (Peprotech, #315-03) to induce 
differentiation into macrophages. After 3 days, the attached cells were stimulated with TGFβ3 
(1 ng/ml, kind gift of Dr. K. Iwata), ALK5 kinase was inhibited using SB-431542 (10µM, 
Tocris, #1614), BMPR type I (ALK1/2/3) were inhibited using LDN-193189 (100nM, Axon 
Medchem, #Axon1509) addition for 4 days.

Western blot analysis
For intracellular protein analysis, at day 6 of culture the macrophages were serum starved 
overnight after which they were either stimulated or not for 1 h with TGFβ and/or inhibitors at 
the indicated concentrations, after which cells were lysed with RIPA lysis buffer (5 M NaCl, 
0.5 M EDTA, pH 8.0, 1 M Tris, pH 8.0, NP-40 (IGEPAL CA-630), 10% sodium deoxycholate, 
10% SDS, in dH2O) supplemented with phosphatase inhibitors (1M NaF Sigma Aldrich # 
S7920, 10% NaPi Avantor #3850-01, 0.1M NaVan Sigma Aldrich # S6508) and protease 
inhibitors (Complete protease inhibitor cocktail tablets, Roche Diagnostics, #11697498001). 
Protein concentration was measured using Pierce BCA protein assay (ThermoFisher 
Scientific, #23225). Equal amounts of protein were loaded onto 10% SDS-polyacrylamide 
gel and transferred to an Immobilon-P transfer membrane (PVDF membrane, Millipore, # 
IPVH00010). The blots were blocked for 1 h using 5% milk in TBST (Tris-buffered saline, 
0.1% Tween20) solution and incubated O/N with rabbit anti-mouse phosphorylated  Smad2 
(Cell signaling, #3101), total Smad2/3 (BD Biosciences, BD610842), mouse anti-mouse 
phosphorylated ERK1/2 (Sigma-Aldrich, #M8159), rabbit anti-mouse total ERK1/2 (p44/42 
MAPK, Cell Signaling, #4695, clone 137F5), rabbit anti-mouse phosphorylated p38 (Cell 
Signaling Technology, #9211) and mouse anti-rabbit total p38 (Santa Cruz Biotechnology 
Inc. #535). Blots were incubated for 60 minutes with horse radish peroxidase anti-rabbit (ECL 
rabbit IgG, HRP-linked whole Ab, GE Healthcare, #NA934V) or anti-mouse (ECL mouse 
IgG, HRP-linked whole Ab, GE Healthcare, #NA931V) antibodies. Blots were developed in 
an X-omat 1000 processor (Kodak) with SuperSignal West Dura Extended Duration Substrate 
(ThermoFisher Scientific, #37071) or SuperSignal West Pico Chemiluminescent Substrate 
(ThermoFisher Scientific, # 34080AB) and exposed to SuperRX medical X-ray film (Fujifilm 
Corporation). Analysis was performed using Image J (Version 1.51, National Institutes of 
Health, USA). Full-length blots are included in the Supplementary Information file.

Statistical analysis
Statistical significance was evaluated by unpaired Student’s t-test between 2 groups or 
ANOVA with Bonferroni correction to test between multiple groups with GraphPad Prism 
6 software. Values are represented as meanSD or SEM when otherwise indicated. Values of 
P<0.05 are denoted as statistically significant.

Data availability
No datasets were generated or analyzed during the current study. The results generated 
during and/or analyzed during the current study are available from the corresponding author 
on reasonable request.
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Results

Endoglin deficiency results in prolonged inflammation and reduced M2 macrophage 
presence after MI
Recruitment of inflammatory cells and timely resolution is essential for cardiac tissue repair. 
An inadequate or excessive inflammatory response is detrimental in the injured myocardium 
and can lead to adverse remodeling. We therefore investigated the effects of endoglin 
heterozygosity on the influx of monocytes during the inflammation phase after experimentally 
induced MI. We first determined if endoglin heterozygosity influences MNC composition 
at baseline. Before induction of MI, we observed no differences in MNC subtypes, like 
macrophages, lymphocytes, NK-cells, neutrophils and granulocytes in blood and bone 
marrow between wild type (WT, Eng+/+) and endoglin heterozygous (Eng+/-) mice (data not 
shown). Subsequently we induced MI and assessed the number of macrophages present 
in the heart using immunohistochemical analysis. Four days post-MI, MAC-3 expressing 
macrophages were present in large numbers in the border zone of the infarcted hearts of both 
WT and Eng+/- mice (Fig. 1a and b). Macrophage infiltration in the WT hearts was cleared 
14 days post MI (Fig. 1a and b), confirming previous studies reporting that the inflammatory 
response is most pronounced at day 3-5 and cleared after approximately two weeks27. 
Interestingly, at 14 days post-MI MAC-3 expressing cells were still easily detectable in the 
infarct border zone of Eng+/- mice (Fig. 1b), suggesting a delay in macrophage resolution.  
        To further characterize the phenotype of these macrophages, we determined the expression 
of CD11b, a general monocyte/macrophage marker, and CD206, a specific marker for M2 
(regenerative) macrophages facilitating the healing process. Immunofluorescent analysis 
of the spleen, used as control tissue, showed the presence of CD11b positive resident 
monocytes, while no CD206 staining was observed (Fig. 1c). Four days post-MI, hearts of 
WT mice harbor similar numbers of CD11b and CD206 expressing cells, suggesting that the 
macrophages present in the heart are M2 macrophages. In contrast, in the hearts of Eng+/- 
mice CD11b+ cells were easily detectable, while only limited expression of CD206 was 
present. We quantified these observations using flow cytometry on single cell suspensions 
of mouse hearts (Fig. 1d). At day 4 post-MI the Eng+/- hearts contained significantly less 
M2 macrophages while the number of pro-inflammatory M1 macrophages was significantly 
increased (Fig. 1d, p<0.0001 and p=0.0011 respectively). This suggests a macrophage 
polarization in the injured Eng+/- heart towards a less regenerative macrophage phenotype. 

Endoglin deficiency reduces in vitro differentiation of regenerative macrophages in 
both HHT1 mice and patients
To gain more insight in how endoglin heterozygosity may influence macrophage differentiation 
we isolated bone marrow derived CD11b+ monocytes and used immunofluorescence to 
analyze their differentiation towards macrophages in vitro. Endoglin is expressed on murine 
macrophages and co-staining of endoglin together with the inflammatory macrophage 
marker Ly6C, revealed that endoglin is specifically present on murine macrophages with a 
low expression level of Ly6C (Fig. 2a). Macrophages with high expression levels of Ly6C, 
known as the inflammatory-like (M1-like) subtype, show low expression levels of endoglin 
(Fig. 2a). More detailed analysis of the different macrophage subtypes in Eng+/- mice and 
HHT1 patients was performed using flow cytometry. Inflammatory (M1) macrophages were 
identified by the expression of CD11b, high levels of Ly6C and low CD206 expression for 
mouse macrophages, and the expression of CD14 and absence of CD16 expression for human 
cells (Fig. 2b). Regenerative (M2) macrophages were identified by the expression of CD11b, 
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low levels of Ly6C and high expression of CD206 for mice, and the expression of both CD14 
and CD16 for human cells (Fig. 2b). Monocytes isolated from Eng+/- mice as well as HHT1 
patients show an increased percentage of inflammatory macrophages (p=0.006 and p=0.008) 
and a reduction of regenerative macrophages, compared to macrophages from WT mice and 
healthy volunteers (Fig. 2c, p=0.02 and p=0.008 respectively). 

Fig. 1 Prolonged macrophage infiltration and decreased M2 after myocardial infarction in Eng+/- 
mice. a Cardiac sections of Eng+/+ and Eng+/- mice were stained for macrophages. Representative 
pictures of MAC-3 expressing macrophage (MAC-3= brown; nuclei= blue) at day 4 and 14 after 
MI. Scale bar: 50μm. b Quantification of the MAC3 positive cells at day 4 and 14 after MI in 
cardiac section of Eng+/+ and Eng+/- mice. N=5-16 mice per group. c To determine the number 
of M1 vs M2 monocytes splenic tissue and infarcted cardiac muscle tissue were stained with 
CD11b as a general monocyte marker and CD206 as M2 macrophage marker 4 days after MI. 
Scale bar: 50μm. d To quantify the two macrophage subtypes, the ratio M1/M2 macrophages 
was determined by flow cytometry using a single cell suspension of Eng+/+ and Eng+/- mice 
hearts 4 days post MI. The inflammatory M1 macrophage was identified by CD11b+/Ly6Chigh/
CD206- selection and the regenerative M2 by CD11b+/Ly6Clow/CD206+ selection. N=5-16 mice 
per group. * p<0.05, # p<0.001
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Fig. 2 Macrophage phenotype is dependent on endoglin expression. 
a Macrophages isolated from WT mice were stained with endoglin (red), Ly6C (green) and 
dapi (nuclei, blue). Scale bar: 10μm. b Representative flow charts of mouse and human isolated 
monocytes of Eng+/- mice and HHT1 patients and their healthy controls. For mouse inflammatory 
monocytes were distinguished by CD11b+/Ly6Chigh/CD206- and regenerative monocytes by 
CD11b+/Ly6Clow/CD206+ expression. For human, inflammatory monocytes were distinguished 
by CD14+CD16- and regenerative monocytes by CD14+/CD16+ expression. c quantification of 
the flow cytometry data as represented in B, divided in inflammatory and regenerative monocytes 
of mouse and human. Mouse samples: N=5-16 mice per group. Human samples: 7 HHT1 patients 
and 5 age- and gender-matched healthy human volunteers. * p<0.05; **p<0.01
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In vitro switch of macrophage differentiation by adaptation of the TGFβ signaling 
response
As endoglin is a co-receptor of TGFβ, we next investigated the effect of stimulation and 
inhibition of the TGFβ-signaling pathway on macrophage differentiation. Monocytes 
isolated from bone marrow of WT mice were cultured for 3 days in the presence of GM-CSF 
to stimulate their differentiation into macrophages after which 1ng/ml of TGF ligand was 
added for either 24 or 96 hours. While 24 hours of TGFβ stimulation had little effect on the 
percentage of M1 and M2 macrophages compared to non-stimulated cells, 96 hours of TGFβ 
stimulation skewed macrophage differentiation towards a M2 phenotype (Fig. 3a, p=0.001). 
This TGFβ increase in M2 macrophages was blocked by adding SB-431542 (SB), a potent 
ALK5 kinase inhibitor, to WT monocyte cultures, but not by adding the BMPRI inhibitor 
LDN-193189 (LDN) (Fig. 3b). The M1/M2 macrophage numbers did not change when 
monocytes isolated from Eng+/- mice were stimulated with TGFβ nor did inhibition of the 
ALK5 kinase by stimulating the cells with SB. Interestingly, when LDN was added to TGFβ 
stimulated macrophage cultures, the differentiation towards M1 macrophages was reduced, 
resulting in a normalization of the ratio of Eng+/- M1-M2 macrophages to WT levels (Fig. 3c). 

Fig. 3 TGFβ signaling influences macrophage subtype differentiation. a Macrophages 
from Eng+/+ mice cultured with either GM-CSF for 7 days only or in combination of 
TGFβ (2.5 ng/ul) for 24h and 96h. The macrophage phenotype was determined based on 
the expression of Ly6C high (M1) and low (M2) of the CD11b expressing macrophages. * 
p=0.001 difference in the number of M1 and M2 between GM-CSF vs TGFβ stimulation 
for 96h. b-c BM isolated monocytes from Eng+/+ (b) and Eng+/- (c) mice were cultured 
in the presence of GM-CSF in the presence or absence of TGFβ (2.5ng/ul), SB (10μM), 
or LDN (100nM). The macrophage subtype was determined based on the expression 
of Ly6C high (M1) and low (M2) of the CD11b expressing macrophages. *p=0.007; 
**p<0.0001 
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TGFβ/BMP and non-Smad signaling in Eng+/- macrophages is impaired
TGFβ transduces its signal from the membrane to the nucleus by phosphorylation of 
downstream effectors: canonical Smads and non-canonical signaling proteins ERK and p38. 
To explore which pathway was used, monocytes from WT and Eng+/- mice were differentiated 
into macrophages, serum starved and stimulated for 60 min with TGFβ and/or indicated 
inhibitors; SB or LDN. TGFβ was not able to detectably phosphorylate Smad1/5 after serum 
starvation in neither WT nor Eng+/- macrophages (data not shown). For Smad2 however, 
both WT and Eng+/- macrophages showed an induction of Smad2 phosphorylation upon 
stimulation with TGFβ, which was blocked when SB was added, but not by LDN (Fig. 4a 
and b). Phosphorylation of Smad2 was not different between WT and Eng+/- macrophages. 
Interestingly, while LDN did not influence TGFβ-induced p-Smad2 in WT macrophages, a 
significant increase was observed in the Eng+/- macrophages (Fig. 4b). 

Fig. 4 Eng+/- macrophages show blunted TGFβ and BMP signaling responses in vitro. 
a Western blot analysis of Eng+/+ and Eng+/- cultured murine macrophages with GM-CSF, 
stimulated 60 min with TGFβ (2.5ng/ul), SB (10μM), LDN (100nM). Representative blots of n=3 
are shown. Full-length blots are included in the Supplementary Information file. b Densitometric 
analysis of the blots shown in a has been performed, expressed as the percentage of phosphorylated 
Smad2 relative to total amount of Smad2 protein. N=3. c Quantification of the blots as shown in 
a, expressed as the percentage of phosphorylated ERK relative to total amount of ERK protein. 
N=3. d Quantification of the blots as shown in a, expressed as the percentage of phosphorylated 
p38 relative to total amount of p38 protein, N=3-4. Error bars are SEM. * p<0.05 
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Since TGFβ can also signal via Smad independent pathways32-34, we next analyzed the 
non-canonical pathways known to be involved in stress, inflammation and differentiation 
responses: the MAPK and p38 pathways. ERK1/2 phosphorylation was increased in WT 
macrophages upon stimulation with TGFβ, and was further enhanced when SB or LDN 
were added to TGFβ-stimulated WT macrophages (Fig. 4a and c). Macrophages derived 
from Eng+/- mice did not show an effect on ERK1/2 phosphorylation when stimulated with 
TGFβ, neither in the presence nor absence of SB or LDN (Fig. 4c). Phosphorylation of p38 
showed the same trend as ERK; an increase in p-p38 in WT cells upon TGFβ stimulation 
and further enhancement in the presence of SB or LDN, while there was no response or even 
a trend towards reduced p-p38 in Eng+/- macrophages (Fig. 4a and d). In summary, Eng+/- 
macrophages show increased Smad2 phosphorylation when BMP signaling is inhibited, 
while the non-canonical pathways show decreased responsiveness.

Fig. 5 LDN decreases p-Smad1 and induces p-Smad2 in the infarct border zone. 
a  Paraffin heart sections were stained for p-Smad1 and quantified for positive stained nuclei. 
Eng+/+ and Eng+/- mice treated with LDN or placebo. Representative images of heart sections 
14 days post-MI are shown. N=5-16 mice per group. b   Paraffin heart sections were stained for 
p-Smad2 staining and quantified for positive stained nuclei. Eng+/+ and Eng+/- mice treated with 
LDN or placebo. Representative images of heart sections 14 days post-MI are shown. N=5-16 
mice per group. Scale bars: 30μm. *p<0.05; #p<0.001
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LDN treatment improves cardiac function 
Since LDN influences the TGFβ response in Eng+/- in vitro, we next investigated whether 
LDN may influence the impaired cardiac recovery of Eng+/- mice after MI. LDN was 
systemically administered 2-14 days after the induction of MI. The efficacy of the LDN 
treatment was confirmed by a reduction in the number of cells positive for phosphorylated 
Smad1 (Fig. 5a) and an increased number of cells expressing phosphorylated Smad2 (Fig. 
5b) 14 days post-MI. In both WT and Eng+/- mice, LDN treatment significantly improved 
cardiac function (Fig. 6a, p=0.02 and p=0.03 respectively) and reduced infarct size (Fig. 
6b, p=0.02 and p<0.001 respectively). Investigating the infarct border zone of these mice in 
more detail revealed that LDN treatment increased capillary density in WT hearts, but had 
no effect on the number of capillaries in Eng+/- mice. Interestingly, LDN treatment did not 
change the number of arteries in WT hearts, whereas in Eng+/- animals the number of arteries 
significantly increased (Fig. 6c, quantification in 6d, 6e, p<0.05). 

LDN treatment improves perfusion recovery after Hind Limb Ischemia 
Eng+/- mice have a delayed perfusion recovery after induction of ischemia in the mouse 
hind limb (Fig. 7)4. Therefore, to determine whether the effect of LDN was specific for the 
heart or a more general response of endoglin heterozygosity to an ischemic insult, we chose 
the hind limb ischemia model in addition to the experimentally induced MI. After ligation 
of the femoral artery, Eng+/- or WT mice were treated with LDN or vehicle and perfusion 
recovery was measured by Laser Doppler Perfusion Imaging (LDPI) at day 7 post ligation. 
Interestingly, while blood flow in the hind limb of WT mice was not different between LDN 
or vehicle treated animal, LDN treatment significantly improved the hampered paw perfusion 
in Eng+/- mice (Fig. 7, p=0.002). Overall, we conclude that tissue repair in Eng+/-  mice after 
ischemic damage in both experimentally induced myocardial and hind limb ischemia was 
improved by LDN treatment, suggesting that LDN treatment has a general beneficial effect 
on ischemic tissue repair.          

Discussion
The natural response of the body to ischemic injury is to stimulate neovascularization. The 
influx of circulating monocytes is important for cardiac repair post MI and contributes to the 
revascularization of ischemic tissue35,36. The pro-angiogenic role of endoglin, a TGFβ co-
receptor, in vascular development is well established26,37,38. We have previously reported that 
the enhanced deterioration of cardiac function after experimentally induced MI in Eng+/- mice 
results from impaired capacity of HHT1 MNCs to home to the site of injury and accumulate 
in the infarct zone to stimulate vessel formation5,39. In this study, we show that monocytes are 
depending on the expression of endoglin to be able to differentiate from an inflammatory M1 
macrophage towards a regenerative M2 macrophage and endoglin heterozygosity prolongs 
the inflammatory response after myocardial infarction. This observation may explain why 
patients1,40,41 and mice3,11 haplo-insufficient for endoglin show prolonged inflammation and 
delayed wound healing and tissue repair after injury. 

 We demonstrated that TGFβ differently influenced the differentiation of wild type 
versus Eng+/- or HHT1 macrophages. Wild type monocytes differentiate to M2 macrophages 
in an ALK5 dependent manner while inhibition of the BMP type I receptors did not influence 
their differentiation. Macrophages heterozygous for endoglin did not differentiate towards 



84

Chapter 4

Fig. 6 LDN restores cardiac function in Eng+/- to normal levels 14 days after MI. 
a Cardiac ejection fraction percentage of Eng+/+ and Eng+/- mice 14 days post-MI, treated with 
LDN or placebo. N=5-16 mice per group. b Infarct size was determined in both Eng+/+ and Eng+/- 
mice using Picrosirius Red staining. Top row: representative pictures of murine transversal heart 
sections with infarct size (purple) determined by Picrosirius Red staining. 1.0x magnification. 
Bottom, quantification of infarcted area as percentage of total LV area. N=5-16 mice per group. 
c-d LDN treatment influences cardiac neo-vascularization post-MI. c Paraffin sections of mouse 
heart tissue were analyzed for the number of capillaries by staining for PECAM (green) and 
arteries by analyzing the expression of αSMA (red) and PECAM (green). N=5-16 mice per group. 
d Quantification of the number of capillaries (left) and arteries (right) in Eng+/+ and Eng+/- mice 
treated with or without LDN. N=5-16 mice per group. Scale bar: 50μm. * p<0.05; **p<0.01; 
#p<0.001
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M2 upon TGFβ stimulation, while inhibition of BMP-signaling resulted in a shift towards 
M2 macrophages. TGFβ is well known as an anti-inflammatory/pro-fibrotic cytokine and 
is mainly secreted by M2 macrophages42,43. We have previously shown that there was no 
difference in TGFβ, TβRII, ALK1 and ALK5 expression in WT vs HHT1 mononuclear cells5, 
and endothelial cells deprived of endoglin expression are unable to process and secrete active 
TGFβ44. We hypothesized that the defect in TGFβ/BMP ligand processing due to deficiency 
in the co-receptor endoglin could play a role in the impaired TGFβ-directed differentiation 
of Eng+/- macrophages and explain why inhibition of BMP signaling can restore defective 
endoglin/TGFβ signaling. The absence of endoglin may skew the tight balance that often 
exists between TGFβ and BMP signaling, and inhibition of the BMP type I receptor kinases 
may push this balance towards enhanced TGFβ signaling, thereby restoring M2 macrophage 
differentiation.

  

Fig. 7 Hind limb blood flow recovery in female mice increases with LDN treatment. 
a Representative images of blood flow recovery in the paws as measured by laser Doppler 
perfusion imaging (LDPI), 7 days after HLI and subsequent treatment with LDN. Colors indicate 
the level of flow as indicated on the right panel of the figure. The left side limb has HLI, the right 
side limb was used as control. b Quantification of LDPI measurements, N=5-7 female mice per 
group. Black bars= WT, white bars= Eng+/-.* p<0.05.
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 The main defect observed in TGFβ signaling in Eng+/- monocytes was related 
to the non-Smad signaling pathway. Eng+/- macrophages were still able to signal via the 
canonical TGFβ/Smad pathway and phosphorylation of Smad2 was significantly increased 
in combination with LDN treatment. We did observe reduced activation of the non-
canonical MAPK/ERK pathway. An overall misbalance in ERK and p38 signaling has a 
pronounced effect on inflammation status and in reaction to stress45. Previous studies have 
reported the involvement of endoglin in the MAPK/ERK pathway. In dermal fibroblasts, 
endoglin haploinsufficiency did not affect basal or TGFβ induced pERK1/2 while the basal 
levels of Akt show a higher degree of phosphorylation46. In endothelial cells the activation 
levels of Akt were not different between WT and Eng+/- cells, while ERK and p38 were 
more active in Eng+/- endothelial cells47. We show that in macrophages heterozygous for 
endoglin, ERK1/2 phosphorylation is impaired and neither stimulation nor inhibition of 
TGFβ signaling resulted in the phosphorylation of ERK1/2. ERK signaling is involved in 
cell growth and differentiation48, and may affect apoptosis49. Defects in these aforementioned 
processes could explain the prolonged inflammatory status we observed in Eng+/- mice. In 
addition to impaired ERK activation, Eng+/- macrophages showed decreased phosphorylation 
of p38 in response to TGFβ stimulation and BMP inhibition. P38 is involved in TGFβ-
directed monocyte migration and inhibits monocyte proliferation50, also has anti-angiogenic 
properties and is reported to be involved in maintaining proper balance in the angiogenic 
response51. Phosphorylated p38 was reported to inhibit VEGF signaling52, and Eng+/- cells 
exhibit increased VEGF expression47. We hypothesize that reduced levels of p-p38 could 
therefore be involved in the endothelial hyperplasia and impaired angiogenesis found in 
HHT1 patients53,54. 

 In summary, the present data shows that the inability of MNCs from HHT1 
patients to induce neoangiogenesis post-MI is not solely due to impaired recruitment of the 
MNCs to the site of injury39, but impaired macrophage differentiation, mainly towards an 
inflammatory phenotype, will also disturb myocardial repair. The impaired differentiation 
towards the regenerative M2 macrophage subtype due to endoglin heterozygosity could 
be restored by LDN stimulation, inhibiting BMP type I receptors, confirming both BMP-
dependent and non-canonical modulation of macrophage function in HHT1. Furthermore, 
cardiac ejection fraction after MI and reperfusion recovery after HLI were improved with 
LDN treatment. Cumulatively, our results imply that treating HHT1 patients with a BMP 
type I receptor inhibitor would improve tissue repair. Interestingly, more target specific BMP 
inhibition methods are already being tested in clinical trials as anti-angiogenesis therapy in 
cancer patients55. Overall, inhibition of the BMP signaling pathway can direct regenerative 
macrophage differentiation and could be considered as a novel therapeutic target in patients 
with ischemic tissue damage.
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Introduction
In non-pathological wound healing, inflammation and subsequent repair is tightly 
regulated through complex processes and signaling pathways1-3. After infiltrating immune 
cells (e.g. neutrophils, M1 macrophages, T cells) clear the cell debris and foreign bodies, 
they are gradually replaced by a population of cells with regenerative capacities (e.g. M2 
macrophages, epithelial progenitor cells, fibroblasts)4,5. During wound inflammation and 
repair, the transmembrane protein endoglin (ENG, CD105) is highly expressed in endothelial 
cells and expression coincides with the infiltration of the immune cells6. 

Endoglin is a transforming growth factor beta (TGFβ) co-receptor, facilitating the TGFβ-
receptor (TGFβR)  complex binding several TGFβ family growth and differentiation 
factors including for example TGFβ isoforms, activins, NODAL, and bone morphogenetic 
proteins (BMPs) and many others7,8. TGFβ transduces its signal via a canonical and a non-
canonical pathway. The canonical signaling pathway of TGFβ starts with binding of TGFβ/
BMP cytokines to a heterotetrameric complex consisting of two type I and two  type II 
receptors. While binding of TGFβ to a complex containing ALK5 induces Smad2 and/or 
Smad3 phosphorylation, BMP binds to a complex harboring ALK1/2/3/6, phosphorylating 
Smad1/5/88-10. Phosphorylation of the SMADs propagate the signal intracellularly, and 
co-SMAD4 binding together with the phosphorylated SMADs causes the formation of a 
SMAD complex. The SMAD complex translocates to the nucleus where transcription of 
multiple genes is affected. The TGFβ/BMP pathway has been studied most extensively in 
endothelial cells (ECs). In ECs, TGFβ signaling via the ALK1-SMAD1/5/8 pathway results 
in proliferation and migratory signals, whereas signaling via ALK5-SMAD2/3 results in a 
decrease in proliferation and migration.

Endoglin has an important function in initiation and regulation of angiogenesis by stimulating 
ECs10-12. In ECs, endoglin mainly stimulates the ALK1-SMAD1/5/8 pathway resulting in 
angiogenesis and limits activation of the ALK5-SMAD2/3 pathway, which promotes a 
quiescent vascular state10. However endoglin can still promote/activate the SMAD2/3 
signaling via the formation of a heteromeric complex of ALK1 combined with ALK5, 
underlining the complexity of endoglin-TGFβ signaling9,13.  

The prominent role of endoglin in vessel formation is most apparent in the vascular disorder 
hereditary hemorrhagic telangiectasia type 1 (HHT1), where endoglin haploinsufficiency 
causes endothelial hyperplasia and impaired angiogenesis14-17. The mouse model for HHT1, 
the endoglin heterozygous (Eng+/-) mouse displayed impaired mononuclear cell (MNC) 
homing towards sites of ischemic damage18. Furthermore, MNCs expressed increased levels 
of dipeptidyl peptidase 4 (DPP4)19. Homing of MNCs is primarily regulated by the stromal 
cell-derived factor 1(SDF1)- CXC chemokine receptor type 4 (CXCR4) axis. MNCs express 
the CXCR4 receptor, specific for the chemokine SDF120. SDF1 is upregulated and released 
into the bloodstream upon cell damage and stress, creating a chemokine gradient leading 
the MNCs expressing CXCR4 towards the site of tissue damage21. The SDF1-CXCR4 axis 
is negatively regulated by enzymatic activity of DPP4. DPP4 cleaves the di-amino-terminal 
peptides of SDF1, thereby inactivating the homing signal22. DPP4 is membrane-bound, but its 
extra-cellular domain can be cleaved resulting in an soluble form with its enzymatic function 
still intact23. The generation of a soluble form of DPP4 occurs under hypoxic conditions and 
is mediated by matrix metalloproteases24. In HHT1, both CXCR4 and DPP4 were found 
in elevated surface expression levels on MNCs19 suggesting that the SDF1-CXCR4 axis is 
dysregulated in these patients.
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Besides impaired homing of MNCs towards SDF1, HHT1 patients and endoglin heterozygous 
mice harbor an impaired immune response25-28, suggesting that endoglin not only affects 
angiogenesis, but also plays an important role in the inflammation phase during the wound 
healing process6,18,29,30. In Eng+/- mice, wound healing was reported to be delayed due to 
reduced keratinocyte proliferation and nitric oxide (NO) avaliability30. Furthermore, while 
fibroblast activation is a necessary action for wound repair, Eng+/- wound fibroblasts were 
found to be hyperactive and aggravated fibrosis through increased AKT signaling31.

We previously reported that in Eng+/- animals the inflammatory (M1-like) and regenerative 
(M2-like) macrophage content are imbalanced in the infarcted heart. Others also found wound 
healing in Eng+/- to be disrupted30. MNCs are essential during the inflammatory response and 
wound healing4,32,33 and in previous research we were able to restore immune cell homing 
and increase cardiac repair in Eng+/- mice by the use of DPP4 inhibition19,34. Furthermore, 
DPP4 inhibitor treatment  increased  the number of M2-like macrophages34. We hypothesized 
that macrophage function and/or differentiation in the Eng+/- mice in dermal wound healing 
is impaired as well, and could potentially be restored by DPP4 inhibition. Therefore in this 
study, we aimed to use DPP4 inhibition to improve Eng+/- MNC function in dermal wound 
repair.

Material and methods

Mice and dorsal skin wounding experiments
Experiments and analyses were conducted on male endoglin wild type (Eng+/+, referred 
to as WT) and heterozygous (Eng+/-) transgenic mice. All mouse strains were kept on a 
C57BL/6Jico background (Charles River). 

Wild type and Eng+/- mice were anesthesized with subdermal Ketamin (100 mg/kg) and 
Xylazin (10 mg/kg) injection. The dorsal area was depilated using razor followed by 
application of depilating crème. After sterilization of the skin with 70% ethanol, 4 x 6 mm 
punches were made through the dorsal skin fold as described previously35. The wound area 
was measured horizontally and vertically with digital caliper, and photographed.

DPP4 inhibitor Sitagliptin (Merck) was dissolved in demineralized water to 1mg/ml, of 
which 10 ul was topically applied to the wound areas, in total 10 ug Sitagliptin per applied 
dosis. Demineralized water was used as control treatment. Wound size was measured at day 
0, 2, 4, 6, 8 and 10 post-wounding. During measurements, the mice were anesthesized with 
2% isoflurane. Mice were divided in a 5-day and 10-day follow-up period post-wounding. 
Mice were carbon dioxide-euthanized after which skin biopsies were dissected. Mice were 
randomally allocated into groups of n=6-7 for each treatment. Animal health and behavior 
were monitored on a daily basis by the research and/or animal care staff, all trained in animal 
care and handling. All mouse experiments were approved by the regulatory authorities 
of Leiden University (the Netherlands) and were in compliance with the guidelines from 
Directive 2010/63/EU of the European Parliament on the protection of animals used for 
scientific purposes. 
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Immunofluorescent analysis
Skin was dissected from carbon dioxide-euthanized mice and placed into a container with 
PBS. The tissue was fixated overnight (O/N) at 4°C  in 4% paraformaldehyde in PBS, and 
then washed with PBS, 50% EtOH and 70% EtOH for 1 h each, followed by embedding 
in paraffin wax. Paraffin tissue sections of 6 μm thickness were mounted onto coated glass 
slides (VWR SuperFrost Plus microscope slides). The tissue were stained as previously 
described using antigen retrieval (Duim 2015). Primary antibodies were incubated O/N at 
4°C and directed against: rat anti-mouse MAC3 (CD107b, dilution 1:200, BD Biosciences), 
rabbit anti-mouse Mannose Receptor (CD206, dilution 1:300, NFκB-p-p65 (1:1000 #11260, 
Signaling Antibodies) and goat anti-mouse p-IKKα/β (1:1000, #SC21661, Santa Cruz). 
Appropiate fluorescent-labelled secondary antibodies (ThermoFisher Scientific) were 
incubated for 1.5 h, at 1:250 dilutions. The slides were mounted with Prolong Gold-DAPI 
Antifade (# P36931, ThermoFisher Scientific) reagent. Photos were taken with fluorescent 
digital slide scanner (Pannoramic scanner, Sysmex) and analyzed with CaseViewer software 
(3DHistech).

Macrophage differentiation and cell culture
Femur and tibia were isolated from WT and Eng+/- mice. Bone marrow was flushed using 
syringes filled with PBS. Cells were seeded onto culture dishes in RPMI 1640 culture media 
(#11875093, Gibco, ThermoFisher Scientific), supplemented with 10% FBS (#10270, Fetal 
Bovine Serum, Gibco, ThermoFisher Scientific), 0.2% Penicillin-Streptomycin and 1 ng/ml 
granulocyte-macrophage colony stimulating factor (GM-CSF, #315-03, Peprotech). Media 
was refreshed at day 3, with added DPP4 inhibition, either 100µM Sitagliptin (Merck) 
or 100µM Diprotin A (Sigma-Aldrich) to the culture medium. On day 6 of culture, cells 
were placed onto serum-free RPMI media, and LPS was added for 24 hrs to stimulate an 
inflammatory response. Cells were stimulated with TGFβ 5ng/ml and/or freshly added DPP4 
inhibitor for 60 minutes before washing with cold PBS, and lysis of the cells for western 
blotting, see description below.

Western blotting
Cultured macrophages were lysed on ice with cold radio immunoprecipitation assay (RIPA) 
lysis buffer (in house) supplemented with phosphatase inhibitors((1M NaF Sigma Aldrich 
#S7920, 10% NaPi Avantor #3850-01, 0.1M NaVan Sigma Aldrich # S6508), protease 
inhibitors (Complete protease inhibitor cocktail tablets, Roche Diagnostics, #11697498001) 
and protein concentration was measured using BCA protein assay (Pierce BCA Protein 
Assay Kit, #23225, ThermoFisher Scientific). Equal amounts of protein were loaded onto 
10% SDS-polyacrylamide gel and transferred to an Immobilon-P transfer membrane (# 
IPVH00010, PVDF membrane, Millipore). The blots were blocked for 60 minutes using 
10% milk in Tris-Buffered Saline and 0.1% Tween-20 solution and incubated O/N at 4°C 
with mouse anti-mouse anti-β-Actin (1:10.000 dilution, A5441, Sigma-Aldrich), rabbit anti-
mouse phosphorylated  Smad2 (Cell signaling, #3101), total Smad2/3 (BD Biosciences, 
BD610842), mouse anti-mouse phosphorylated ERK1/2 (Sigma-Aldrich, #M8159), rabbit 
anti-mouse total ERK1/2 (a.k.a. p44/42 MAPK, Cell Signaling, #4695, clone 137F5), rabbit 
anti-mouse phosphorylated p38 (Cell Signaling Technology, #9211), rabbit anti-mouse 
phosphorylated AKT (Cell Signaling Technology, #9271), rabbit anti-mouse total-AKT (pan) 
(Cell Signaling Technology, #4691), Vinculin (Sigma #V9131).  and rabbit anti-mouse total 
p38 (Santa Cruz Biotechnology Inc. #535). Blots were incubated for 1 h with horse radish 
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peroxidase anti-goat (ThermoFisher Scientific, #32230), anti-rabbit (ECL rabbit IgG, HRP-
linked whole Ab, GE Healthcare, #NA934V) or anti-mouse (ECL mouse IgG, HRP-linked 
whole Ab, GE Healthcare, #NA931V).  Blots were developed in a Kodak X-omat 1000 
processor with Thermo Scientific SuperSignal West Dura (Extended Duration Substrate) 
or SuperSignal West Pico and exposed to Fuji SuperRX medical X-ray film. Analysis was 
performed using Image J (National Institute of Mental Health, Bethesda, Maryland, USA).

ELISA assay
MNC media samples were used for ELISA detection of MCP-1 (MCP-1 ELISA construction 
kit, Antigenix America Inc. #RRF423CKC) and IL-6 (IL-6 ELISA construction kit, Antigenix 
America Inc. #RRF600CKC) according to the manufacturer’s protocol. Plates were read at 
450nm using a microplate reader.

HEK293T cell culture and luciferase reporter assay
HEK293T cells were seeded at density of 1.0x105 cells/ml in 48-well plates in DMEM 
media (Gibco, ThermoFisher Scientific) supplemented with 10% FBS (Fetal Bovine Serum, 
Gibco, ThermoFisher Scientific, #10270), and transfected with a NFκB subunit p65 reporter 
plasmid using PEI (Fermentas) transfection reagent, as described previously36. Twenty-four 
hours after transfection, cells were serum-starved for 8 h followed by O/N treatment with 
Sitagliptin (Merck) at the indicated concentrations. Next, cells were stimulated with TNF-α 
(50 ng/ml) for 8 h and cell lysates were prepared for measuring luciferase activity with a 
Perkin Elmer luminometer. The internal control, β-Galactosidase Reporter plasmid, was used 
in the same samples to normalize transfection efficiency. 

Statistics
All results are expressed as mean ± standard error of the mean (SEM). Statistical significance 
was evaluated using one-way ANOVA for difference between multiple groups and statistical 
significance was accepted at p<0.05. In case the p value was significantly different between 
groups, T-testing was performed. Adjustment for multiple comparisons was made with either 
Tukey’s or Dunnett’s testing and unpaired students T-testing for testing between two groups. 
Survival curves were tested with a log-rank Mantel-Cox test. Analysis was performed using 
Graphpad Prism v6 software. 

Results 

DPP4 inhibition using Sitagliptin enhances wound closure in Eng+/- mice
Wild type (WT) and Eng+/- mice were first assessed in their capacity for wound healing over 
time. We confirmed that Eng+/- indeed display reduced wound healing compared to wild type 
litter mates (Fig. 1A and B). Next we analyzed the effect of treatment with the DPP4 inhibitor 
Sitagliptin on dermal wound closure. Interestingly, applying Sitagliptin to the wound of wild 
type mice only delayed closure of the epidermis (Fig. 1A and C). In the Eng+/- mice treatment 
with the DPP4 inhibitor Sitagliptin normalized wound repair to wild type levels (Fig. 1A and 
D). 
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Fig. 1 Sitagliptin enhances tissue repair in Eng+/- mice. A) WT and Eng+/- wound closure over 
time, day 0, 4 and 10. Wounds from WT and Eng+/- mice treated with DPP4 inhibitor Sitagliptin 
(Sita) or placebo control. Wound closure in Eng+/- mice is delayed compared to wild type mice. 
Sitagliptin enhances tissue repair in Eng+/- mice. B) Quantification of average wound closure 
over time. Treatment with DPP4 inhibitor Sitagliptin. WT control vs. Eng+/- (in graph: HZ-
heterozygous) control treated animals. C) WT control vs. WT Sitagliptin treated animals. 
Sitagliptin delays tissue repair in wild type mice. D) Eng+/- control vs. Eng+/- Sitagliptin treated 
animals. Sitagliptin enhances tissue repair in Eng+/- mice.
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DPP4 inhibition decreases fibrosis in the Eng+/- wound area
Since Sitagliptin had a different effect on wound closure in WT versus Eng+/- mice, we 
performed further tissue analyses to gain more insight in this observation. Although DPP4 
inhibitors are mainly used in T2DM to prevent cleaving of incretins – DPP4 has a lot more 
known and unknown targets. One of the events in wound healing is the activation of fibroblasts, 
cells that are necessary to create new extracellular matrix ECM and collagen for wound 
contraction and scar formation37. Since DPP4 inhibition is reported to have an anti-fibrotic 
effect38-41, we analyzed the effect of Sitagliptin on the expression of αSMA, a marker for 
myofibroblasts formation. αSMA was quantified in sections 5 days post-wounding. In control 
treated Eng+/- mice, αSMA content was significantly increased in the wound area compared 
to WT animals (Fig. 2). Upon Sitagliptin treatment the αSMA levels in the wounding area of 
WT mice were not affected. However, the αSMA levels in the wounding area of Eng+/- mice 
were decreased significantly, suggesting myofibroblast presence and/or activity was inhibited 
by DPP4 inhibition. 

DPP4 inhibition increases the number of M2 macrophages in the wound area
We previously reported that in Eng+/- animals the inflammatory (M1-like) macrophages were 
increased compare to reparative (M2-like) macrophage numbers and these mice show a 
disrupted cardiac repair. Therefore we next investigated whether or not macrophage function 
and/or differentiation in the Eng+/- mice in dermal wound healing is impaired as well. To 
further determine the impact of DPP4 inhibition, we analyzed the presence of the MAC3+/
CD206+ M2-like (referred to as ‘M2’) macrophages near the wound area (Fig. 3A). Topical 
Sitagliptin treatment on dermal wounds significantly increased the numbers of M2 in both 
WT and Eng+/- mice (Fig. 3B). 

DPP4 inhibition blunts macrophage stress responses to LPS stimulation
Because of the change in macrophage population (towards the reparative type) observed 
when we applied topical Sitagliptin treatment, we next questioned whether or not there 
is an effect of DPP4 inhibition on the intracellular signaling of both the WT and Eng+/- 
macrophages. And moreover, whether there is a change response to signals present in the 
tissue and/or disrupted signaling in the Eng+/- macrophages. To investigate whether DPP4 
inhibitor specific effects would vary we also added a second competitive DPP4 inhibitor– 
Diprotin A- in addition to Sitagliptin. The main difference between the two inhibitors is that 
Diprotin A has reversible DPP4 inhibition, whereas Sitagliptin inhibits DPP4 irreversibly. 
We then investigated activation of TGFβ and stress related intracellular signaling pathways. 
Murine monocytes were isolated from bone marrow aspirates, and stimulated with GM-CSF 
for 7 days to induce differentiation into macrophages. DPP4 inhibition was added to the 
culture at day 3 to pre-sensitize the cells and ensure optimal DPP4 inhibition.  

Activation of the canonical TGFβ pathway via ALK5 - SMAD2/3 phosphorylation was 
determined via pSMAD2 (pSMAD1/5/8 was not detectable in our cells). In both the WT and 
Eng+/- cells pSMAD2 activation was increased when TGFβ was added to the culture (similar 
to findings by Letarte et al. 2005 in HHT1-HUVECs42) (Fig. 4A and B). Surprisingly, upon 
addition of Sitagliptin pSMAD2 decreased in Eng+/- and WT, and also the total SMAD levels 
went down, even when stimulated with TGFβ.

To understand the effect of Sitagliptin on inflammation, we stimulated the macrophages with 
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Fig. 2 Sitagliptin treatment decreases activated fibroblast presence in the skin surrounding 
wounded area. A) Histological analysis of activated myofibroblast presence during Eng+/- wound 
healing. Immunofluorescence staining of αSMA on PFA-fixed Paraffin-embedded wounds from 
WT and Eng+/- mice at day 5 post-wounding. Upper panels: skin section overview. Lower 
panels: magnification of inset depicted in upper panels. Scale bars WT control, WT sita and 
Eng+/- = 500μm, Eng+/- control=1000μm. All scale bars of the insets/magnifications=100μm B) 
Quantification of activated fibroblasts of immunofluorescence staining of aSMA on PFA-fixed 
Paraffin-embedded wounds from WT and Eng+/- mice at day 5 post-wounding.
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LPS, 24hrs before harvesting. Induction of pSMAD2 increased markedly, and this effect 
was even more pronounced in the Eng+/- cells. When TGFβ was added, pSMAD2 increased 
in both WT and Eng+/- cells. With Sitagliptin inhibition a decrease was observed in the 
Eng+/- macrophages, whereas we did not observe a difference in the WT cells. PSMAD2 is 
strongly induced in the LPS-treated cells, and co-treatment with TGFβ induces pSMAD2 to 
an even greater extend. LPS with Sitagliptin added does not show any pSMAD2 difference 
compared to the LPS only signal (Fig. 4). Co-treatment of both TGFβ and Sitagliptin does 
not show any additional increase. Sitagliptin’s inhibitory effect was not detectable in the 

Fig. 3 DPP4 inhibition results in an increased reparative macrophage presence. A) 
Histological analysis of macrophage presence during Eng+/- wound healing. Representative 
immunofluorescence staining image of MAC3 and CD206 on PFA-fixed paraffin-embedded 
wounds from WT and Eng+/- mice at day 5 post-wounding. MAC3=red, CD206=green, 
Pecam=white, DAPI=blue. Scale bar = 50μm B) Sitagliptin treatment increases M2 presence in 
the skin surrounding wounded area. Percentage CD206+ cells (M2 macrophages) of total MAC3+ 
macrophages present in the wound border zone. 
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Fig. 4  DPP4 inhibition decreases intracellular signaling in cultured macrophages in response 
to LPS. Western blot results of bone-marrow derived macrophages stimulated with Sitagliptin, 
Diprotin A, TGFβ or LPS in varying combinations. N=3, representative blot results for both 
phosphorylated and total SMAD2, AKT and ERK1/2. 

LPS treated macrophages. Overall, while pSMAD2 signaling is affected by DPP4 inhibition, 
it does not vary significantly between WT and Eng+/- (Fig. 4B). These results suggest the 
macrophage signaling affected by DPP4 inhibition are probably not SMAD–mediated and 
involve other TGFβ-related pathways. Therefore, we next investigated the effects of DPP4 
inhibition on non-SMAD TGFβ signaling. Activation of the non-canonical/SMAD TGFβ 
pathway and AKT is part of a survival pathway, and also involved in cell proliferation and 
M2 differentiation. pAKT was found increased in Eng+/- at endogenous levels. In both WT 
and Eng+/- cells pAKT decreases upon Sitagliptin addition, though in WT macrophages the 
inhibition of pAKT is more pronounced. This could indicate that the response via AKT 
signaling is blunted in Eng+/- macrophages.

The combination of TGFβ and Sitagliptin inhibits AKT phosphorylation (Fig. 4A). The 
total amounts of AKT were also decreased by Sitagliptin addition. LPS stimulation of the 
macrophages caused an increase of pAKT; this induction was even more pronounced in the 
Eng+/- (Fig. 4A).The increase in pAKT to additional TGFβ stimulation was similar in both 
WT and Eng+/- macrophages. With the addition of Sitagliptin we observed either no effect or 
a slight increase in the WT macrophages, whereas the signal steadily decreased in the Eng+/- 
cells. The combination of TGFβ with Sitagliptin gave varying results in the WT cells, but 
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showed a reproducible decrease in the Eng+/- macrophages, returning the amount of pAKT 
to Sitagliptin-only levels. We conclude that both in physiological/non-inflammatory and in 
inflammatory conditions TGFβ-induced pAKT is negated by DPP4 inhibition.

ERK signaling is known to be involved in cell proliferation43, survival44, and pro-
inflammatory cell responses45,46. Therefore we analyzed the effect of Sitagliptin on pERK1/2 
in both WT and Eng+/- macrophages. Interestingly, the endogenous level of pERK1/2 was 
already increased in the Eng+/- macrophages. Treatment with either Sitagliptin or DipA led in 
both WT and Eng+/- cells to a decrease in phosphorylation, although more pronounced in the 
Eng+/- macrophages. TGFβ did not change the pERK1/2 levels in either WT or Eng+/- cells. 
Sitagliptin also inhibited the TGFβ-induced ERK1/2 phosphorylation. Co-treatment with 
TGFβ and Sitagliptin decreased pERK1/2 in equal amount for both wild type and Eng+/- cells. 
Total levels of ERK1/2 were not affected.

LPS stimulation increased pERK1/2 in both WT and Eng+/- macrophages. Treatment with 
Sitagliptin or co-treatment with TGFβ to the LPS pre-treated cultures consistently decreased 
the pERK1/2 response in both WT and Eng+/- macrophages. This indicates that LPS and/or 
TGFβ -induced pERK1/2 is repressed by DPP4 inhibition, indicating an anti-inflammatory 
response by the DPP4 inhibitor. We confirmed the anti-inflammatory effect of Sitagliptin via 
a luciferase reporter assay for NFκB expression in HEK293T cells. Addition of the DPP4 
inhibitor resulted in a significant decrease in NFκB expression (Fig. 5).

We conclude that Sitagliptin is able to reduce macrophage stress signaling responses after 
LPS stimulation, most likely influencing the polarization of these cells towards a more 
reparative phenotype, the M2 cells. As we now prove that DPP4 inhibition is able to influence 
TGFβ-related signaling and cell stress responses, this might explain the difference in wound 
repair in the wild type and Eng+/- mice, and we speculate that endoglin heterozygosity most 
likely impairs the correct functioning of these macrophages.

Figure 5. NFκB expression decreases with DPP4 inhibition. Luciferase reporter assay on lysates 
of HEK293T cells. Sitagliptin was added to the culture at 10μM and 20μM. *=p<0.05
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The inflammatory response of Eng+/- macrophages is modulated by DPP4 inhibition
The major increase of M2 macrophages present in the wound area raised the question how 
DPP4 inhibition is able to alter the inflammatory response. We therefore determined the 
in vitro expression of one of the key inflammatory cytokines involved in the macrophage 
chemotaxic response, Monocyte Chemoattractant Protein-1 (MCP-1, CCL2)47. ELISA 
analysis of the supernatants showed that MCP-1 levels are higher in the Eng+/- macrophages 
compared to the wild type cells (Fig. 6A), indicating a possible hyper-inflammatory status in 
Eng+/- animals. 

When Sitagliptin was added to the culture, no changes were detectable in extracellular MCP-
1 levels from WT cells (Fig. 6C), while in the Eng+/- macrophages the MCP-1 level decreased 
significantly (Fig. 6D), restoring MCP-1 expression to WT levels (Fig. 6B). When pretreating 
the macrophages with LPS, we observed a similar trend, MCP-1 level was higher in the 
Eng+/- macrophages. However there was no significant difference in MCP-1 expression level 
after Sitagliptin addition (Fig. 7 A and B). LPS treatment may therefore abolish the effects of 
Sitagliptin we observed without LPS addition to the culture.

Another important cytokine in dermal wound healing is interleukin-6 (IL-6). IL-6 was found 
to be involved in keratinocyte proliferation48,49 and macrophage differentiation50,51. When 
the macrophages were stimulated with LPS to induce IL-6 production, the IL-6 level was 
decreased in the Eng+/- cells (Fig. 7C) (As previously reported by Scharpfenecker et al.52). 
Sitagliptin treatment however did not affect IL-6 cytokine levels (Fig. 7D). These results 

Figure 6. MCP-1 levels and the effect of DPP4 inhibition in cultured murine macrophages. 
Macrophage culture media samples were used for ELISA detection of MCP-1. Measurements 
were performed with media samples from n=5-6 mice per group. SEM, *=p<0.05



106

Chapter 5

Figure 7. Effect of DPP4 inhibition on expression of inflammatory-related cytokines IL-6 and 
MCP-1 in macrophage culture after LPS stimulation. Macrophage culture media samples were 
used for ELISA detection of MCP-1 and IL-6. LPS was added for 24 hrs. A) MCP-1 control treated 
macrophages B) MCP-1 Sitagliptin treated macrophages C) IL-6 control treated macrophages D) 
IL-6 Sitagliptin treated macrophages. Measurements were performed with media samples from 
n=5-6 mice per group. SEM, *=p<0.05

suggest that low IL-6 levels at baseline might reduce keratinocyte proliferation, and could 
affect macrophage function as well. 

To further unravel the mechanism explaining the localized wound tissue responses, we next 
examined tissue samples from the in vivo wounding study. We analyzed the expression of 
inflammatory markers localized directly next to the wounding site. Tissue sections were 
stained for inflammatory markers involved in the NFκB complex and pathway: p-p65 (NFκB 
complex subunit) and pIKKα/β (protein necessary for NFκB complex phosphorylation53) 
(example of tissue staining can be found in Supplementary Fig. 2), were quantified. 
Phosphorylated IKKα/β levels were increased in the Eng+/- wound sections (Fig. 8A). 
Sitagliptin treatment decreased pIKKα/β levels in Eng+/- wounds to comparable levels as WT 
wounds (Fig. 8A). Although a trend towards increased pIKKα/β is visible in the WT wounds 
treated with Sitagliptin, no significant effect on the pIKKα/β levels were observed (which 
could indicate a reverse response of IKK to DPP4 inhibition). This could indicate an anti-
inflammatory effect of Sitagliptin in the Eng+/- wounds, the slight increase in pIKKα/β in 
WT animals signifies increased inflammation and could therefore explain the delayed wound 
healing observed in these animals. 
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Phosphorylated p65 was not significantly different between WT and Eng+/- wounds (Fig. 8B).  
Interestingly, while no effect was observed on the p-p65 levels in the WT wounds treated 
with Sitagliptin, Sitagliptin treatment decreased the levels of phosphorylated p65 in the Eng+/- 

wounds compared to WT p-p65 levels (Fig. 8B). In summary, DPP4 inhibition decreases 
NFκB-mediated inflammatory response in the wound area of Eng+/- mice.

Figure 8. Sitagliptin treatment decreases the inflammatory cytokine response in Eng+/- wounds. 
A) Quantification of pIKKα/β levels in the wound area, 5 days post-wounding. B) Quantification 
of p-p65 levels in the wound area, 5 days post-wounding. Single or duplet measurements were 
made per individual mouse, SEM, n=4 mice per group,*=p<0.05
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Discussion
Eng+/- mice are affected in their immune response25-28, characterized by a skewed M1/M2 
balance towards the pro-inflammatory M1 macrophages34 and a prolonged and delayed wound 
healing30,34. Previously we showed that DPP4 inhibition could direct Eng+/- macrophage 
homing and/or differentiation towards the more reparative M2 macrophages. We aimed to 
restore dermal wound repair by using topical DPP4 inhibition. 

The present study demonstrates that topical treatment with DPP4 inhibitor Sitagliptin results 
in an improved dermal wound repair in Eng+/- mice. Furthermore, we now show that in the 
Eng+/- macrophages, Sitagliptin is able to exert anti-inflammatory effects, reversing the 
Eng+/- macrophages to a less inflammatory phenotype. At the wounding site, Eng+/- mice had 
increased levels of myofibroblasts present. Whereas we observed only a slight decrease in 
wild type mice, treatment with Sitagliptin significantly decreased the myofibroblast content 
in the wounds of Eng+/- animals. These results imply an anti-fibrotic effect of DPP4 inhibition, 
consistent with findings in other disease studies like kidney or liver fibrosis38-41. Conversely, in 
diabetic Ob/Ob mice, myofibroblasts were found increased when treated with DPP4 inhibitor 
Linagliptin54, of course the diabetic Ob/Ob–specific model/setting could be the reason of the 
pro-fibrotic outcome of DPP4 inhibition. However, this study also demonstrated that DPP4 
inhibition did prove to have an anti-inflammatory effect, via the lowering of pro-inflammatory 
markers like cyclooxygenase-2 and MIP-2 (macrophage inflammatory protein-2)54. In our 
current study, we provide a mechanism for the anti-inflammatory effects in the Eng+/- mice, 
We show that in the Eng+/- mice Sitagliptin treatment decreased p-p65, pIKKα/β ex vivo and 
MCP-1 in vitro. Furthermore DPP4 inhibition decreased phosphorylation of other stress-
related signaling like ERK1/2 and AKT in cultured macrophages, possibly accounting for the 
accelerated wound healing observed in these mice.

Because macrophages have major immune-regulatory functions in tissue repair55, we focused 
only on this cell type. Determining the local effects on macrophage population, we showed 
that Sitagliptin increased the number of M2 macrophages present at the skin wounding 
site. However, the increase in M2 in the WT mice did not result in increased tissue repair, 
indicating that M2 macrophages are not sufficient or always beneficial in tissue repair56,57. 

Investigating bone marrow-derived macrophage responses to TGFβ and LPS stimulation, 
the intrinsic differences in stress signaling varied between wild type and Eng+/- macrophages. 
Already at baseline conditions, pERK1/2 was increased in Eng+/- macrophages. Ras-
ERK1/2 pathway activation is associated with being pro-cell survival44, moreover, with pro-
inflammatory effects58, suggesting this could be the reason of prolonged inflammation in the 
Eng+/- mice. 

Activation of the SMAD/AKT pathway is associated with polarization towards M2 
macrophages59,60. However, in our macrophage culture addition of Sitagliptin in both 
non- and inflammatory conditions reduced total AKT and p-AKT expression dramatically, 
in both the WT and Eng+/- cells. Therefore the M2 polarization in our skin model is most 
likely AKT-independent. The PI3K-AKT pathway has also been reported to be involved in 
proliferation and importantly, inducing macrophage activation61. This provides a correlation 
of macrophage activation with DPP4 inhibition; decreasing AKT signaling which leads to a 
decrease in macrophage activation. AKT therefore may in part be responsible for the anti-
inflammatory responses we observed in vivo and in vitro. 

Besides a disturbed inflammatory response, we also report that Eng+/- mice displayed 
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increased fibroblast presence, and also co-localized with increased AKT phosphorylation (as 
reported by Pericacho et al.31). DPP4 inhibition decreased pAKT, thereby increasing wound 
repair via fibroblast activity; thus possibly providing the mechanism of accelerated wound 
healing in our study. Overall, we conclude that the inflammatory response of macrophages 
is increased in endoglin heterozygous conditions, and the intracellular macrophage signaling 
response to DPP4 inhibition seems to be increased in Eng+/- macrophages. DPP4 inhibition is 
able to decrease inflammatory markers in vivo. We conclude that DPP4 inhibitor treatment is 
most likely only beneficial for dermal wound healing in Eng+/- conditions.

The inflammation and stress-related  signaling aberrations found in Eng+/- macrophages 
highlight the complexity of the immunological defects present in HHT1. Whereas in this 
study we focused on macrophages, the effects of DPP4 inhibition on other immune cells and 
tissue cells is still largely unknown.  For example, DPP4 inhibition was shown to increase 
re-epithelization in a diabetic model using Ob/Ob mice54. Therefore in future research it 
is important to keep in mind the varying effects between DPP4 inhibitors62 and also the 
complexity of the signaling pathways and reactions. Furthermore the other cell types affected 
by endoglin heterozygosity or DPP4 inhibition, and involved in tissue repair are also to 
be considered, such as endothelial63 and epidermal progenitor cells64, keratinocytes and 
fibroblasts30,38,65.

In conclusion, the results presented in this paper suggest an inhibitory effect of DPP4 
inhibition on inflammation and a decrease of local cell stress/proliferation responses in 
endoglin haploinsufficiency context. These findings suggest that the mechanisms by which 
DPP4 inhibition is able to positively direct wound healing in Eng+/- mice is by decreasing the 
pro-inflammatory signaling in the macrophages and injured tissue. Further research should 
focus on finding a direct correlation between canonical/non-canonical TGFβ signaling and 
DPP4 inhibition, and could lead to revealing new mechanisms in the pathogenesis of HHT1. 
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Supplementary figures

Supplementary Figure 1. Sitagliptin enhances tissue repair in Eng+/- mice. A) Quantification of 
wound closure over time. Sitagliptin delays tissue repair in wild type mice. Sitagliptin enhances 
tissue repair in Eng+/- mice. WT = wild type mice, HZ = Endoglin heterozygous mice.

Supplementary Figure 2. Example of  p-p65 (NFκB complex subunit) and pIKKα/β (regulators 
of NFκB activation) staining. 
A. Day 5 post-wounding, Eng+/-  skin sample control treated. P-p65 in green, pIKKα/β in red, 
DAPI in blue.  Scale bar = 50μm. B. Day 5 post-wounding , Eng+/-  skin sample Sitagliptin treated. 
P-p65 in green, pIKKα/β in red, DAPI in blue.  Scale bar = 50μm.



115

5

DPP4 inhibition enhances wound healing in endoglin heterozygous mice





6

Manuscript in submission

1. Department of Cell and Chemical Biology, Leiden University Medical Center, Leiden, the Netherlands.
2. Institute of Genetic Medicine, Newcastle University, International Centre for Life, Newcastle upon Tyne, United       
    Kingdom.

*/# Both authors contributed equally
&Current address: Department of Infectious Diseases, Leiden University Medical Center, Leiden, the Netherlands.

Calinda K.E. Dingenouts1*&, Asja T. Moerkamp1*, Kirsten Lodder1, Tessa 
van Herwaarden1, Anna M. D. Végh1, Esther Dronkers1, Boudewijn P.T. 
Kruithof1, Karien C. Wiesmeijer1, Janita A. Maring1, Helen M. Arthur2,  

Marie-José Goumans1#†, Anke M. Smits1#†

Endoglin deficiency alters the epicardial response 
following myocardial infarction



118

Chapter 6



119

6

Endoglin deficiency alters the epicardial response following myocardial infarction

Introduction
The epicardium is a dynamic epithelial layer covering the surface of the heart. It plays a critical 
role in heart formation by differentiating into cardiovascular cell types and providing paracrine 
factors to the developing myocardium [9]. In the adult heart, upon myocardial infarction (MI) 
the dormant epicardial layer is reactivated and supports the underlying myocardium during 
repair [24, 34, 40]. The epicardial response to injury includes upregulation of a developmental 
gene program, such as re-expression of Wilms’ tumour 1 (WT1), proliferation, thickening of 
the epicardial layer and covering of the damaged myocardium [15, 43, 44]. Furthermore, 
the epicardial cells undergo epithelial to mesenchymal transition (EMT), thereby forming 
epicardial-derived cells (EPDCs) that contribute to endogenous repair [34, 40]. Decreased 
expansion of the epicardial layer and minimal collagen deposition in the (sub)epicardial 
region, suggesting deficient EMT, result in ventricular dilatation and impaired cardiac 
function [13]. As such, epicardial EMT is important for a ‘healthy’ epicardial post-injury 
response. 

The transforming growth factor beta (TGFβ) signaling pathway plays a key role in epicardial 
EMT. In vitro, stimulation of EPDCs with TGFβ results in loss of their epithelial character 
and induces transition into a mesenchymal phenotype [5, 35]. TGFβ exerts its effect via 
phosphorylation of the transcription factors small mothers against decapentaplegic 2/3 
(SMAD2/3) or SMAD1/5 [18]. These downstream mediators of the TGFβ pathway are 
upregulated in the epicardial region upon MI [44]. The TGFβ co-receptor endoglin plays 
an important role in defining the balance between these two TGFβ-responsive pathways 
resulting in different behavioral outcomes [11, 19]. Mice heterozygous for the TGFβ co-
receptor endoglin (Eng+/-) display a reduced cardiac function post-MI suggesting that 
endoglin is important in the cardiac response to injury [26]. Endoglin is well known for 
its expression in activated endothelial cells and its essential role during angiogenesis [11]. 
Endoglin knockout embryos die around embryonic day 10.5 due to vascular abnormalities 
[3, 7, 30]. However, it is becoming clear that the role of endoglin goes beyond maintenance 
of vascular homeostasis and, for example, also affects the immune response to injury [12]. 
We previously reported that endoglin is expressed by EPDCs [35]. Furthermore, Bollini et 
al. (2014) showed an increased number of WT1+/endoglin+ EPDCs upon induction of MI 
[6]. This suggests that upregulation of endoglin in the active epicardium is part of the cardiac 
injury response. 

Due to the important role of EPDCs following cardiac injury [34, 40], the epicardium is a 
tantalizing therapeutic target for cardiac regeneration. Therefore, a thorough understanding 
of epicardial behavior is paramount to appreciate its potential in cardiac repair. Given the 
deteriorated heart function following MI in Eng+/- mice and the pivotal role of TGFβ 
signaling in epicardial EMT, we investigated if endoglin contributes to the epicardial response 
to injury. 

In this study, we analyzed the composition and the behavior of the epicardial layer at different 
time-points post-MI. Our data suggest that the epicardial injury response of thickening 
and coverage of the (diseased) myocardium with a WT1+ layer is aberrant upon endoglin 
heterozygosity. In the first days after MI, thickening of the epicardium in Eng+/- mice 
is less pronounced compared to wild type (wt) hearts. In contrast, at 14 days post-MI, a 
significantly thicker epicardial layer is observed in Eng+/- animals which coincides with 
a thinner ventricular wall. We show that these observations are not due to a difference in 
the epicardium at baseline and occur independently of extra-cardiac contributions from the 
circulation. Moreover, we found that the epicardial response can be influenced by systemic 
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delivery of Diprotin A, an inhibitor of CD26/dipeptidyl peptidase 4 (DPP4). Altogether, we 
show that endoglin is important for the post-injury response, and suggest an important role of 
this TGFβ co-receptor in relation to epicardial behavior. 

Methods

Animals
Experiments and analyses were conducted on male and female endoglin wild type (wt) 
and endoglin heterozygous (Eng+/-) mice [3] which were maintained on a C57BL/6Jlco 
background (Charles River). All mouse experiments were approved by the regulatory 
authorities of Leiden University (The Netherlands) and were in compliance with the guidelines 
from Directive 2010/63/EU of the European Parliament on the protection of animals used for 
scientific purposes.

Induction of myocardial infarction in mice and Diprotin A treatment
Myocardial infarction (MI) was experimentally induced in male mice as described before 
[41]. Briefly, mice were anesthetized with isoflurane (1.5-2.5%), orally intubated and 
ventilated, after which the left anterior descending (LAD) coronary artery was permanently 
ligated by a suture. During the first 5 days post-MI, the mice were randomized and treated 
daily with either 100 µl distilled water (MQ) or 100 µl Diprotin A (50 μM, DipA, Bachem) 
via intraperitoneal injection. Mice were euthanized at 4 or 14 days after MI using carbon-
dioxide.

Immunofluorescent staining
Hearts were fixed overnight at 4°C in 4% paraformaldehyde, washed with phosphate-
buffered saline (PBS) followed by dehydration to xylene and embedded in paraffin. Six µm 
thick sections were mounted onto coated glass slides (VWR SuperFrost Plus microscope 
slides; Klinipath), deparaffinized and rehydrated to PBS. Antigen retrieval was performed 
as previously described [29]. Primary antibodies, incubated overnight at 4°C, included: 
anti-pSMAD1/5/9 (rabbit; dilution 1:1000 using Tyramide Signal Amplification [15]; Cell 
Signaling), anti-pSMAD2 (rabbit; dilution 1:200; Cell Signaling), anti-WT1 (rabbit, dilution 
1:100, Abcam), anti-MAC3 (rat, dilution 1:200, BD Biosciences), anti-αSMA (rabbit, 
dilution 1:500, Abcam), anti-cTnI (goat, dilution 1:1000, HyTest), anti-PECAM1 (mouse, 
dilution 1:800, Santa Cruz) and anti-Ki67 (rabbit, dilution 1:100, Millipore). Fluorescently-
labelled secondary antibodies (Invitrogen) were incubated for 1.5 hour at a 1:250 dilution. 
The slides were mounted with Prolong Gold-DAPI Antifade (Invitrogen) reagent. 

Staining of fibrotic tissue was performed using a Picrosirius Red (PSR) collagen staining 
which includes deparaffinization, 1 h incubation with PSR solution, washing in acidified 
water and mounting with Entellan (Merck) reagent. All stainings were scanned at 40x 
magnification with the Pannoramic slide scanner and analyzed using CaseViewer 2.0 (3D 
Histech).
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Morphometry
Heart sections were taken at approximately 300 µm intervals along the transverse axis of the 
heart. All measurements are given as average of at least three levels along the infarct area 
(unless otherwise stated). Infarct size was determined in PSR stained sections by calculating 
the percentage of infarct area of the total left ventricular area. Thickness of the ventricular 
wall was measured in the PSR stained sections. Measurements were taken at two separate 
levels along the infarct area, and given as the average of eight measurements per level.

The epicardial border zone was defined as the epicardial layer lining the ‘healthy’ myocardium 
bordering the infarct area at both sides (see also Figure 1D-E). This region was determined 
to be around 600 µm in length (based on [32]). The epicardial border zone included the 
outer epicardium (single-cell layer that surrounds the heart) and subepicardial layer (cell 
layer(s) between myocardium and outer epicardium), while the pericardium was excluded 
from analysis. Analyses of the epicardial border zone are presented as the average of both 
border zones.

Epicardial thickness was calculated as the average of at least four measurements per 
epicardial border zone (600 µm in length) or remote epicardial layer. The total cell content 
of the epicardial border zone was counted using DAPI staining as the total of nuclei per µm 
cardiac outline. Positive cells (WT1, MAC3 and Ki67) within the epicardial border zone are 
depicted as the percentage of total number of nuclei. Finally, pSMAD levels were quantified 
as the area fluorescent signal corrected for the number of nuclei within that region.

Coverage of the (injured) myocardium with a WT1+ epicardial layer was measured using the 
WT1 stained sections, and was quantified as the percentage WT1+ outline of the total cardiac 
circumference.

Culturing mouse hearts
Wt and Eng+/- female mouse hearts were cultured in the miniature tissue culture system 
[31] as previously described [25] with the following modifications. The inflow needle of 
the perfusion chamber was inserted in the aorta of the isolated intact heart and ligated with 
suture. The outflow needle was replaced with a 14 Gauge Blunt Tip Needle which allowed 
the medium to exit the perfusion chamber. Using a speed of 1100 µl/min, flow was introduced 
through the aorta directing the medium into the coronary circulation. The medium exited the 
heart via the right atrium and recirculated to the reservoir. After 7 days of culture the hearts 
were isolated and fixed overnight in 4% PFA at 4°C. 

Isolation, culture and migration of human EPDCs
Adult human atrial samples (auricles) were collected as surgical waste during cardiac surgery 
and under general informed consent. Handling of human heart tissues was carried out 
according to the official guidelines of the Leiden University Medical Center and approved by 
the local Medical Ethics Committee. This research conforms to the Declaration of Helsinki.

EPDCs were isolated, cultured and a scratch assay was performed as previously described 
[35]. In short, the adult epicardium was separated from the underlying myocardium. 
Epicardial tissue was cut into pieces and treated with Trypsin/EDTA (Serva and USH 
products) at 37⁰C. A single cell suspension was obtained by passing the samples through 
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a series of syringes. EPDCs were plated on 0.1% gelatin (Sigma) coated culture dishes in 
a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM-glucose low; Invitrogen) 
and Medium 199 (M199; Invitrogen) supplemented with 10% heat-inactivated fetal calf 
serum (Hi-FCS; Gibco), 100 U/ml penicillin/streptomycin (Gibco) and 10 µM SB431542 
(SB; Tocris Bioscience). Scratch assays were performed with mesenchymal (spindle) EPDCs 
which were obtained by stimulating EPDCs with 1 ng/ml TGFβ3. Spindle EPDCs were split 
and grown to confluency upon which the scratch was placed. The cells were monitored for 
12 hours and the percentage gap closure was measured using Matlab (version 2016a).

Statistics
Graphs are represented as mean ± SD. Samples were compared using an unpaired Student’s 
t-test or one-way ANOVA testing for difference between multiple groups. Significance was 
assumed when p<0.05. GraphPad Prism (Version 6) was used for statistical analysis.

Results

Aberrant TGFβ signaling in Eng+/- epicardial layer
Since endoglin heterozygosity impairs cardiac recovery after MI and endoglin is expressed 
by EPDCs [35], we questioned the role of endoglin in the epicardial response post-MI. A 
schematic outline of the experiment together with an overview of the factors measured is 
presented in Figure 1A.

Given that endoglin defines the balance between the TGFβ-responsive pathways (pSMAD2/3 
and pSMAD1/5) [18, 20], we performed immunofluorescence staining for pSMAD1/5/9 and 
pSMAD2. Both pathways are active in the epicardial layer post-MI (Figure 1B). However, we 
observed an increase in pSMAD1/5/9 levels in Eng+/- versus wt mice, while no differences 
were observed in pSMAD2 (Figure 1C). This indicates that endoglin heterozygosity results 
in altered signaling within the epicardial layer.

Epicardial thickening and activation is altered in Eng+/- mice at 4 days post-MI
Given the disturbed TGFβ signaling upon endoglin heterozygosity, we questioned whether 
this results in a difference in epicardial phenotype. First, we analyzed the epicardium and 
myocardium of adult non-MI mice in transverse heart sections and observed no aberrations in 
Eng+/- compared to wt animals (data not shown). Epicardial thickening upon cardiac injury 
has been described to occur in the entire epicardium, but is most pronounced near the infarct 
area [43, 44]. Therefore, we focused our analysis on the epicardium and subepicardium that 
lines the myocardium directly bordering the ischemic area. This region is represented as the 
epicardial border zone (schematically pictured in Figure 1D-E).

Four days post-injury, wt and Eng+/- mice showed no difference in infarct characteristics, 
including infarct size and infarct outline (Supplementary Figure 1A-C). However, when 
investigating the epicardial layer in more detail, we observed that the epicardial border zone 
was significantly thinner in Eng+/- mice (Figure 1F; wt: 22.24±3.01 Eng+/-: 18.77±3.47). 
This phenomenon was not observed at the remote area lining the right ventricle, although wt 
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Figure 1. Aberrant TGFβ signaling and epicardial thickening in Eng+/- at 4 days post-MI. A. 
Overview of experiment and measured entities. Wt or Eng+/- mice were sacrificed at 4 and 14 
days after the induction of MI. B. pSMAD1/5/9 and pSMAD2 are upregulated in the epicardial 
layer upon MI. The dashed line represents the border between myocardium and epicardium. 
Scale bars: 10 µm. C. Quantification of immunofluorescent stainings suggest a higher staining 
intensity for pSMAD1/5/9 in the epicardial layer (outlined) of Eng+/- compared to wt mice. (n = 
3-4 mice for each group). Scale bars: 20 µm. D. Schematic representation of transverse section 
of the heart. Depicted is the infarct area (red) with at both sides a border zone. The border 
zone has an estimated width of 600 µm and represents ‘healthy’ myocardium lining the infarct 
area. The remote area is at the right ventricle, opposite to the infarct. E. Example of transverse 
section of the infarcted heart. The red line represents the border between infarcted and ‘healthy’ 
myocardium. The green lines show the position of the investigated epicardial layer at both border 
zones with a length of 600 µm. Scale bar: 500 µm. F. In PSR stainings, the outer collagen layer 
at the border zone (outlined; scale bars: 20 µm) is thinner in Eng+/- mice (n = 7-10 mice for each 
group).  G. The thickness of the epicardial layer at a remote area is equal between Eng+/- and wt 
hearts (n = 7-10 mice for each group). Data information: #: p<0.05 and # #: p<0.01
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mice displayed a larger variation in thickness (Figure 1G). 

 The thinner epicardial border zone after induction of MI can be explained by the 
presence of fewer cells within this region in Eng+/- compared to wt mice (Figure 2A-B). 
Interestingly, not only the border zone, but the entire epicardial layer contains less cells in 
Eng+/- hearts (Figure 2C). A difference in cell number within the epicardial region could be 
the result of a defect in cell proliferation. Therefore, we determined the number of cycling 
cells by performing a Ki67 staining (Figure 2D). However, no difference in the percentage of 
Ki67+ cells within the epicardial border zone in Eng+/- compared to wt mice was observed 
(Figure 2E). 

The expression of WT1 in the epicardium is considered to be one of the first steps in epicardial 
activation post-injury [14]. Although the Eng+/- epicardial border zone contains a reduced 
number of total cells, we observed a higher percentage of WT1+ cells within this region 
compared to the wt border zone (Figure 2F-G). Since epicardial activation occurs organ-
wide, including the remote area, we quantified the presence of WT1+ cells within the entire 
epicardial layer. Consistent with the border zone, the percentage of WT1+ cells throughout 
the epicardial layer was significantly higher in Eng+/- mice compared to wt animals (Figure 
2H). This difference in WT1 is not related to the infarct size, indicating that it does not result 
from a difference in cardiac damage (data not shown). In addition, we observed no difference 
in the expression of the epicardial activation markers WT1 and Transcription factor 21 
(TCF21; [1, 8]) in non-infarcted wt and Eng+/- hearts (data not shown). This suggests that 
the increased percentage of WT1+ cells in Eng+/- mice at 4 days post-MI is not caused by a 
difference in epicardial activity at baseline.

In summary, the thinner epicardial layer in Eng+/- mice at 4 days post-MI is the result of 
a lower number of cells within the (sub)epicardial space. Our data suggest no difference in 
proliferation (at 4 days post-MI) and endoglin heterozygosity does not lead to an aberrant 
epicardial and myocardial phenotype at baseline. This suggests that the difference in the 
epicardium between wt and Eng+/- mice is directly caused by the induced injury and its 
related processes. Furthermore, a higher percentage of WT1+ cells indicates a difference in 
composition and activation of the Eng+/- epicardial layer.

Epicardial phenotype in Eng+/- mice is independent of extra-cardiac cell contributions
We further investigated the contribution of circulating cells to the phenotype of the (sub)
epicardium in Eng+/- and wt mice. The subepicardial space is known to harbor immune cells 
[16, 21]. Zhou et al. reported infiltration of monocytes into the epicardial layer following 
MI [44]. We previously observed that Eng+/- mononuclear cells have a reduced ability to 
migrate towards the infarct area [26, 38]. Therefore, the presence of immune-reactive cells, 
as an extra-cardiac derived cell source, could contribute to a difference in total epicardial cell 
count. Macrophages are the major cell type invading the heart upon MI [27]. We analyzed 
the number of macrophages in the epicardial border zone by staining for MAC3 (LAMP2/
CD107b). There is no overlap between WT1 and MAC3 expression, indicating that the 
WT1+ cells are not macrophages (Figure 3A). In addition, at 4 days post-MI we observed no 
difference in the percentage of macrophages within the epicardial border zone (Figure 3B) 
suggesting that the presence of macrophages is not the cause of a decreased presence of (sub)
epicardial cells within the Eng+/- epicardial border zone compared to wt. 
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To investigate the extra-cardiac cell contribution in more detail, we analyzed thickening of 
the epicardium in the absence of circulating cells. We cultured wt and Eng+/- hearts ex vivo 
in a continuous flow of culture medium using a novel miniature tissue culture system [25, 
31]. As a result of the ex vivo culture conditions, the epicardial layer is activated and responds 
by becoming thicker. Interestingly, in Eng+/- hearts the thickening of the epicardial layer was 
significantly less pronounced as compared to wt (Figure 3C-D). This indicates that a thinner 
epicardial layer in Eng+/- mice occurs independently of extra-cardiac cell contributions from 
the circulation.

Coverage of the infarcted heart with a WT1+ epicardial layer is altered in Eng+/- mice 
at 4 days post-MI
The organ-wide re-expression of WT1 in the epicardial layer is a spatio-temporal dynamic 
process, peaking between day 1 and 5 post-MI [43, 44]. Interestingly, at day 4 post-MI, a 

Figure 2. Altered composition of the Eng+/- epicardial layer. A. Cardiac troponin I (cTnI)/DAPI 
immunofluorescence stainings show the wt and Eng+/- epicardial border zone which are located 
in between the dashed lines. Epi: (sub)epicardium, Peri: pericardium. Scale bar: 100 µm. B,C. 
The number of cells was quantified for the epicardial layer lining B. the border zone (n = 7-10 
mice for each group) and C. total cardiac circumference (n = 5 mice for each group).   D,E 
The percentage of Ki67+ cells within the epicardial border zone is equal between Eng+/- and wt 
mice (n = 5-7 mice for each group). Scale bar: 10 µm. F-H. WT1 immunofluorescence staining 
of the wt and Eng+/- epicardial border zone. In F. the dashed line represents the border between 
myocardium and (sub)epicardium. Scale bar: 20 µm. Epi: (sub)epicardium, Peri: pericardium. 
In Eng+/- mice, a higher percentage of epicardial cells is positive for WT1 compared to wt animals 
in both G. the epicardial border zone (n = 7-10 mice for each group) and H. the entire epicardial 
layer (n = 5 mice for each group).   Data information: #: p<0.05 and # #: p<0.01
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larger part of the cardiac circumference was covered by a WT1+ epicardial layer in Eng+/- 
compared to wt mice (Figure 4A-B). This difference in WT1 coverage is not related to the 
infarct size (data not shown). We questioned whether this altered coverage could result 
from a difference in migration rate. Therefore we modulated endoglin expression in EPDCs 
and performed an in vitro scratch assay. Strikingly, upon endoglin knockdown, epicardial 
cells migrate significantly faster (Figure 4C). Overall, these data suggest altered epicardial 
behavior upon endoglin heterozygosity, including increased migration and coverage of the 
infarcted heart with a WT1+ epicardial layer. 

Thicker epicardial layer in Eng+/- mice at day 14 post-MI
In contrast to day 4, at 14 days post-MI we observed a significantly thicker epicardial layer 
at both the border zone (Figure 5A) and the remote area (Figure 5B) in Eng+/- compared to 
wt mice. In addition, the Eng+/- epicardial border zone contained more cells (Figure 5C). 
Interestingly, wt animals displayed a decrease in the size of the epicardial border zone from 
day 4 to day 14 post-MI (from ±23 µm to ±17 µm). In contrast, in Eng+/- mice the thickness 

Figure 3. Epicardial phenotype in Eng+/- mice is independent of extra-cardiac cell contributions. 
A. Immunofluorescence staining shows that there is no overlap between WT1+ and MAC3+ cells 
in the epicardial border zone. The dashed line represents the border between (sub)epicardium 
and pericardium, Epi: (sub)epicardium, Peri: pericardium. Scale bar: 10 µm. B. Quantification 
of MAC3+ cells in the (sub)epicardium. No difference was observed in the percentage of MAC3+ 
cells within the epicardial border zone between  wt or Eng+/- hearts (n = 7-10 mice for each group). 
C. Longitudinal section of a wt and Eng+/- cultured heart highlighting the epicardial layer (white 
arrows). cTnI=white, DAPI=blue. Scale bar: 10 µm. D. The thickness of the epicardial layer as 
measured in sections of cultured hearts of wt and Eng+/- mice (n = 4 mice for each group). Data 
information: # #: p<0.01
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Figure 4. Coverage of the infarcted heart with a WT1+ epicardial layer is altered in Eng+/- mice 
at 4 days post-MI. A. The pattern of activation of the epicardial layer at day 4 is represented 
by the percentage of cardiac circumference covered by a WT1+ epicardial layer. The infarct is 
outlined in green and the epicardial layer positive for WT1 is marked by a red dotted line. Scale 
bars: 500 µm. B. In Eng+/- mice, a higher percentage of the circumference is positive for WT1 
(n = 8-9 mice for each group). C. Upon endoglin knockdown (KD) human adult EPDCs migrate 
faster in a scratch assay (n = 5 measurements). Data information: #: p<0.05

of the epicardial layer continues to increase over time (from ±19 µm to ±26 µm) suggesting 
a delay in epicardial thickening upon MI.

As a potential underlying cause of a thicker epicardial layer in Eng+/- mice, differences in the 
degree of activation (WT1 expression) and proliferation were studied. At day 14 post-MI, the 
entire cardiac circumference was covered with a WT1+ epicardial layer with no difference 
between Eng+/- and wt mice (data not shown). Moreover, we observed no difference in the 
presence of WT1+ (Figure 5D) or Ki67+ (Figure 5E) cells within the epicardial border zone. 
This suggests that epicardial activation and cell proliferation are not aberrant at 14 days post-
MI upon endoglin heterozygosity. 

It was previously shown that the clearance of inflammatory cells is impaired in Eng+/- mice 
[37]. Therefore we analyzed the presence of MAC3+ cells within the epicardial region. 
Compared to day 4, the total number of MAC3+ cells in the epicardial border zone in both 
groups is low (from ±6 percent at day 4 to ±2 percent at day 14). Furthermore, the percentage 
of MAC3+ cells within the epicardial border zone was equal between wt and Eng+/- animals 
(Figure 5F), showing that there was no defect in clearance of macrophages from the epicardial 
border zone.
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Figure 5. Delayed epicardial thickening in Eng+/- mice at day 14 post-MI is related to thinner 
ventricular wall. A-C. The collagen layer (representing the epicardial layer) is thicker in Eng+/- 
animals (Scale bar: 20µm) both at A. the border zone and B. a remote region. C. The epicardial 
border zone of Eng+/- mice contains more cells. The dashed lines outline the epicardial layer (n 
= 7-10 mice for each group). Scale bar: 50µm. D. The percentage of WT1 positive cells within 
the epicardial border zone is equal between wt and Eng+/- mice. The dashed lines indicate the 
boundary between myocardium and (sub)epicardium (n = 7-8 mice for each group). Scale bar: 
20µm. E,F. The percentage of E. Ki67+ (n = 5-6 mice for each group) and F. MAC3+ cells is equal 
between wt and Eng+/- mice in the epicardial border zone (n = 7 mice for each group). G. Number 
of blood vessels per μm2 epicardial border zone (A.U.) at day 14 post-MI. Eng+/- mice have a 
lower density of large blood vessels compared to wt (n = 5 mice for each group). H. Ventricular 
wall thickness (μm). At day 14 post-MI, the left ventricular wall is thinner in Eng+/- compared 
to wt animals (n = 5-7 mice for each group). I. Correlation of the total number of cells in (sub)
epicardium (per μm) to the thickness of the left ventricular wall (μm). A negative correlation was 
observed between the total number of cells within the epicardial border zone and the thickness of 
the left ventricular wall. Eng+/- mice are depicted in grey/square data points (n = 5 mice for each 
group). Data information: Epi: (sub)epicardium, Peri: pericardium and #: p<0.05, # #: p<0.01 
and # # #: p<0.005
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Since the epicardium develops in close relation to the coronary vasculature [28] and endoglin 
plays an important role during angiogenesis, we quantified the blood vessel content (large 
blood vessels and capillaries) of the epicardial border zone (Supplementary Figure 2). We 
observed a lower density of large (non-capillary) blood vessels in Eng+/- mice (Figure 5G), 
suggesting that the thicker epicardial border zone is not due to a difference in the number of 
vessels. Therefore, it appears that the thicker Eng+/- epicardial border zone at 14 days post-
MI is caused by an increase in (sub)epicardial cells. In Eng+/- mice, myocardial infarction 
results in greater deterioration of heart function compared to wt animals [26]. At 14 days 
post-infarct we detected a significant thinner left ventricular wall in Eng+/- mice (Figure 
5H). Therefore, we investigated whether a greater cardiac damage is associated with a 
thicker epicardial border zone at 14 days post-MI. We observed no correlation between the 
number of cells within the epicardial border zone and the infarct size of wt and Eng+/- 
mice (Supplementary Figure 3). Furthermore, the size of the epicardial border zone was not 
correlated to the percentage of ejection fraction (data not shown). Interestingly, however, 
the total number of cells within the epicardial border zone is negatively correlated with the 
thickness of the left ventricular wall (Figure 5I).

Our data strongly suggest that thickening of the (sub)epicardial layer is dysregulated in 
Eng+/- mice and the size of this layer correlates to the thickness of the left ventricular wall.

DipA treatment significantly alters the epicardial post-MI response 
We questioned whether we can reduce the epicardial size (thickness and number of cells) 
of Eng+/- hearts at day 14 post-MI to wt levels, given its correlation with a thinner left 
ventricular wall. The highly conserved SDF1/C-X-C motif chemokine receptor 4 (CXCR4) 
signaling axis plays an essential role in the epicardial/myocardial crosstalk during cardiac 
healing [22]. In addition, EPDCs express CXCR4 (data not shown) and TGFβ signaling 
influences the SDF1/CXCR4 axis [2, 36, 38]. 

Wt and Eng+/- mice were treated with DipA or MQ for the first 5 days following induction 
of MI (Figure 6A). DipA is a selective inhibitor of CD26/DPP4 and thereby a positive 
modulator of SDF1-CXCR4 interaction. DipA treatment has been shown to increase 
migration and homing of cells [10]. Indeed, at 4 days post-MI, DipA treatment significantly 
increased the number of MAC3+ cells localized to the epicardial border zone of Eng+/- 
animals (Supplementary Figure 4A). This suggests that DipA treatment was effective, as it 
resulted in increased homing of immune-reactive cells towards the site of injury.

We next investigated the long-term (14 days post-MI) effect of DipA administration. 
Strikingly, after DipA treatment the thickness of the epicardial border zone in Eng+/- mice 
is reduced to wt levels (Figure 6B). The reduction in epicardial size could be explained by 
a decrease in the total number of cells and was related to a significantly thicker ventricular 
wall in DipA treated Eng+/- animals (grey bars in Figure 6C-E). In contrast, in wt mice 
we observed a significant increase in the number of cells within the epicardial border zone 
and a trend towards a decrease in left ventricular wall thickness upon treatment (white bars 
in Figure 6C-E). This change in epicardial size was not due to a difference in macrophage 
percentage, since we observed no significant changes in the presence of MAC3+ cells within 
the epicardial border zone (Supplementary Figure 4B). Altogether our data demonstrate that 
systemic administration of DipA influences the epicardial phenotype. More importantly, they 
suggest that, for Eng+/- animals, DipA treatment during the first week following MI results 
in restoration of epicardial thickness to wt levels and limited left ventricular wall thinning.

Endoglin deficiency alters the epicardial response following myocardial infarction
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Figure 6. DipA treatment significantly alters the epicardial post-MI response at 14 days post-
MI. A. Overview of experiment and measured entities. Wt or Eng+/- mice were given Diprotin 
A (DipA) or control (MQ) treatment and sacrificed at day 4 and day 14 after the induction of 
MI. B. PSR stainings of the wt and Eng+/- epicardial border zone (Scale bars: 20 µm). DipA 
administration significantly decreases the thickness of the epicardium in Eng+/- mice while no 
change was observed in wt animals (n = 8-10 mice for each group).  C. PSR stainings of wt 
and Eng+/- transverse heart sections, MQ or DipA treated, showing the thickness of the left 
ventricular wall (Scale bar: 500 µm). D. DipA treatment significantly increases and decreases 
the total number of epicardial cells at border zone for wt and Eng+/- animals, respectively (n 
= 8-9 mice for each group). E. DipA treatment significantly increases the thickness of the left 
ventricular wall in Eng+/- animals (n = 5-8 mice for each group).  Data information: #: p<0.05 # 
#: p<0.01
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Discussion
The mechanisms underlying the behavior of the epicardial layer following MI are not fully 
understood which makes it difficult to use this layer as a source for repair of cardiac injury. 
Using Eng+/- mice, our data indicate an important role for endoglin in the epicardial MI-
response. Higher pSMAD1 levels in the Eng+/- epicardial layer suggest a misbalance within 
the TGFβ signaling pathway. We observed aberrant epicardial thickening in Eng+/- hearts 
which appears to occur independently of extra-cardiac cell contributions from the circulation. 
At day 4 post-MI, the Eng+/- epicardial layer harbors a higher percentage of WT1+ cells 
suggesting increased activation of this layer. In addition, the correlation between the 
thickness of the epicardial layer and ventricular wall strengthens the importance of studying 
the epicardium as a myocardial support mechanism. Moreover, in Eng+/- mice the thickness 
of the epicardial border zone and ventricular wall were reversed to wt levels upon systemic 
administration of DipA.

Besides angiogenesis, endoglin appears to be important for a fully functional immune system 
[12] and a change in the immune response may be the underlying cause of a difference 
in epicardial phenotype. Eng+/- mononuclear cells are impaired in their homing capacity 
to the infarcted heart [26, 38] and persistent inflammation was observed in Eng+/- mice 
following injury [37]. As a consequence, a thinner epicardial layer in Eng+/- animals at day 
4 could have been the result of a potential delayed immune response, while a thicker layer at 
day 14 may be due to persistent inflammation. Therefore, we cultured wt and Eng+/- hearts 
ex vivo, without the presence of circulating immune cells. Interestingly, also in culture we 
observed a thinner epicardial layer in Eng+/- compared to wt suggesting an intrinsic defect 
occurring independently of extra-cardiac cell contributions. However, we cannot exclude the 
contribution of resident immune cells. From another point of view, Huang and colleagues 
showed that inhibition of epicardial activation results in reduced number of immune cells in 
the infarcted area [21]. This observation suggests that the defects in MI-induced inflammation 
in Eng+/- mice may also be caused by aberrant epicardial behavior. However, future studies 
will be required to dissect a potential cross-talk between the epicardium and immune-system 
in more detail.

After MI, the epicardium lining the infarct area is lost. Cells from the epicardial border zones 
proliferate and gradually close the (epicardial) gap, ultimately covering the infarct surface 
with a WT1+ epicardial layer [43]. At 4 days following MI, Eng+/- hearts had a higher 
percentage of their cardiac circumference covered with a WT1+ layer which may be related 
to an increased migration rate of EPDCs upon partial loss of endoglin. Increased migration of 
EPDCs may result a faster closure of the epicardial gap in Eng+/- mice and as a consequence 
a higher coverage of the infarcted heart with a WT1+ epicardial layer.

A higher percentage of WT1+ cells results in an altered composition of the Eng+/- epicardial 
layer compared to wt animals which may cause paracrine changes in the cardiac environment. 
The transcription factor WT1 is, besides a marker for epicardial activation, an important 
regulator of epicardial EMT [5, 14, 17, 33, 42]. Upon activation, epicardial cells undergo 
EMT and form the subepicardium. When EPDCs go through EMT, they lose their nuclear 
expression of WT1 [5]. A higher percentage of WT1+ cells within the epicardial layer may 
indicate increased activation or affected transition through EMT causing Eng+/- EPDCs to 
remain in a WT1+ stadium for an extended period of time. Alternatively, potential increased 
migration of WT1-EPDCs into the underlying myocardium may result in a thinner epicardial 
layer and as a consequence a higher proportion of WT1+ cells within this layer. Which of 
these mechanisms underlie the altered size and composition of the Eng+/- epicardial layer 
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shortly after MI is an important aspect of future research.

Partial loss of endoglin can have both a detrimental and beneficial effect on heart function 
which appears to be dependent on the underlying cause of the disease [23, 26]. In a mouse 
model of pressure-overload induced heart failure, endoglin deficiency has been shown to 
preserve left ventricular function resulting in increased survival [23]. Our data suggest 
that there is a correlation between the number of cells within the (sub)epicardial layer and 
thickness of the left ventricular wall. A defect in the epicardial response following MI has 
been reported to result in ventricular dilatation and reduced cardiac performance [13]. 
Therefore, an increase in epicardial size may be the underlying cause of a thinner ventricular 
wall. However, a thicker epicardial layer may also be a protective mechanism contributing 
to reducing heart failure and cardiac rupture. Whether the observed changes in epicardial 
behavior upon partial loss of endoglin are beneficial for cardiac repair remains subject to 
future studies.

The epicardium plays an important role as a myocardial support mechanism. The correlation 
between the size of the epicardial layer and left ventricular wall may indeed suggest a 
dialog with the underlying myocardium. The SDF1/CXCR4 axis has been proposed to be an 
important endogenous pathway involved in epicardial-myocardial crosstalk [22]. Upon MI, 
SDF1 is upregulated in the myocardium [4] and EPDCs are able to migrate towards the SDF1 
chemokine [39]. Our data suggest that enhancing this pathway, via DipA treatment, results 
in fewer epicardial cells within the epicardial region. This might point towards, besides a 
potential alteration in the extra-cardiac cell contribution, an increased homing of EPDCs 
towards the underlying diseased myocardium. DipA treatment could increase the migration 
ability of EPDCs in the direction of myocardial SDF1 via the inhibition of its catalytic 
enzyme, DPP4. In this context, it is interesting to note that human Eng+/- mononuclear 
cells have a misbalanced SDF1/CXCR4 axis resulting in reduced homing towards a SDF1 
gradient. In addition, DipA pre-treatment of these human Eng+/- mononuclear cells enhanced 
their homing capacity towards to injured myocardium upon injection into the tail vein [38]. 

The epicardium plays an important role following cardiac injury. This layer has been 
proposed to serve as an endogenous source of cardiovascular cell types and/or support the 
myocardium via paracrine signaling, both during the early phase following injury as during 
scar modulation [40]. In conclusion, our data give an insight in epicardial behavior following 
injury and suggest that endoglin is an important player in this context. These new insights may 
help in exploiting the epicardium as a therapeutic target for cardiac repair and regeneration.
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Supplementary figures

Supplementary Figure 1: Infarct size is equal between wt and Eng+/- hearts. A. In PSR stainings, 
the infarct area is outlined by a dashed line and the periphery of the infarct is indicated by a green 
dashed line. Scale bars: 500 µm. B,C. At 4 days post-MI, B. Wt and Eng+/- mice have an equal 
infarct size (n = 5 mice for each group).  and C. no difference in the infarct periphery (n = 8-10 
mice for each group)
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Supplementary Figure 2: Epicardial blood vessel content at 14 days post-MI. The presence of 
blood vessels within the epicardial border zone was quantified in alpha smooth muscle actin 
(αSMA) and platelet and endothelial cell adhesion molecule 1 (PECAM1) co-stainings. The 
dashed lines indicate the border between myocardium, (sub)epicardium and pericardium. Scale 
bars: 20 µm. Epi: (sub)epicardium, Myo: myocardium and Peri: pericardium

Supplementary Figure 3: Size of the epicardial border zone is not correlated with infarct size. 
Plotting the infarct size of wt and Eng+/- mice at day 14 post-MI against the number of cells 
within the epicardial border zone shows that there is no correlation. Eng+/- mice are depicted in 
grey/square data points (n = 7-8 mice for each group)



139

6

Endoglin deficiency alters the epicardial response following myocardial infarction

Supplementary Figure 4: Percentage of MAC3+ cells within the epicardial border zone upon 
DipA administration. A. MAC3+ cells in the (sub)epicardial border zone, 4 days post-MI. DipA 
treatment only significantly increases the percentage of MAC3+ cells within the Eng+/- epicardial 
border zone (n = 6-10 mice for each group). B. MAC3+ cells in the (sub)epicardial border zone, 
14 days post-MI. At 14 days, no difference was observed in the percentage of MAC3+ cells within 
the epicardial border zone upon treatment for both wt and Eng+/- mice (n = 4-7 mice for each 
group). Data information: # #: p<0.01





7
General Discussion



142

Chapter 7



143

7

General Discussion

HHT1 is caused by mutations in endoglin, the TGFβ co-receptor. Its main symptoms include 
severe epistaxis and hemorrhages, and as a result HHT1 was long considered a disorder 
affecting angiogenesis only. As it became clear that endoglin heterozygosity disturbs the 
function of many more cell types and processes, such as wound repair, the aim of my thesis 
was to understand the role of immune cells on tissue repair in the context of endoglin 
heterozygosity. We therefore investigated the impact of increased TGFβ signaling and the 
systemic application of DPP4 inhibition in endoglin heterozygous mouse models. 

DPP4 regulation is essential for the controlled manner in which MNCs to home towards 
damaged tissue and contribute to repair. MNC homing in endoglin heterozygous mice is 
impaired, therefore we studied the effect of DPP4 inhibition in order to increase homing 
and thus enhance tissue repair. Furthermore, endoglin heterozygosity causes the TGFβ and 
BMP signaling balance to be disturbed. To investigate the effect of skewing the BMP/TGFβ 
signaling pathways towards increased TGFβ signaling, we inhibited BMP signaling using 
BMPRI inhibitor LDN. We investigated the effects of LDN and DPP4 inhibitor treatments 
in various ischemic and wounding models: MI, HLI and wound healing of the dermis, for 
WT and Eng+/- mice, both at functional and molecular level. Below the findings and their 
implications are discussed in more detail. 

Inhibition of DPP4 increases MNC homing and drives differentiation of macrophages
Cardiovascular disease is a major health issue in the western world. Understanding and 
improving tissue repair in HHT1 setting could help improve treatment for other patients with 
tissue damage as well. For tissue repair, the initial immune response to damage is similar to 
that of inflammation caused by pathogens. A normal inflammatory response clears away cell 
debris and initiates fibrosis and angiogenesis. HHT1 is hallmarked by impaired angiogenesis 
and subsequent decreased maturation of the vasculature formed. In addition, an elevated 
immune response adds to the impaired tissue repair. As we discuss in Chapter 3, we were able 
to restore MNC homing and short term improvement of cardiac function after MI in a murine 
model of HHT1. However, cardiac function did not show any major long term improvement. 
So although fibrotic scarring was significantly reduced and angiogenesis increased, it became 
apparent that this is not sufficient for tissue repair. In the DPP4 treated Eng+/- mice, we also 
found that arteriogenesis was reduced, indicating maturation of vessels is still not optimal. 
Furthermore, an effect on macrophage differentiation was observed. Both HHT1 patients 
and Eng+/- mice have elevated numbers of M1 inflammatory macrophages, and after treating 
with a DPP4 inhibitor, the number of M1 in the infarct border zone significantly increased. 
Looking at the inflammation (14 days post-MI) in normal, healthy animals the inflammation 
was resolved, and only a few macrophages were still present in the infarct border zone, 
however in Eng+/- animals, these numbers were highly increased. This long term increased 
macrophage presence points out the imbalance in the HHT1 immune response, underlining 
the defect in inflammation and an intrinsic problem regarding macrophage function.

Interestingly, DPP4 inhibitor treatment increased the number of reparative macrophages 
(M2) in the infarct border zones of the Eng+/- mice. DPP4 inhibition seems therefore able to 
either recruit more M2-like macrophages, or induce their differentiation. The increase of M2 
macrophages was not observed in wild type (WT) mice, therefore I hypothesize that either 
the defect in TGFβ signaling affects macrophage differentiation and/or function, and another 
possibility is that the differentiation in ‘healthy’ mice is already optimal, so therefore we do not 
detect any differences when treating WT mice with DPP4 inhibitor. The variation in stimuli-
response between WT and Eng+/- mice was also apparent when we treated macrophages in 
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Fig. 1 Influencing the homing and differentiation of MNCs in HHT1. Depicted is a schematic 
representation of the thesis subjects. Endoglin heterozygous mice were used to model HHT1. 
In various experimental methods inducing ischemic and/or tissue damage, we improved tissue 
repair in the mice via two approaches. First, using DPP4 inhibition, via increase of the SDF1-
CXCR4 homing mechanism, we restored the impaired homing capacity of HHT1-MNCs, and 
also increased reparative M2 macrophage numbers post-MI. The second treatment approach 
focused on stimulating TGFβ signaling and M2 differentiation via use of the BMPR inhibitor 
LDN. In vitro studies showed LDN increased M2 differentiation. In vivo, we observed increased 
tissue repair in several experimental models, however we did not find an effect on macrophage 
differentiation. Combining the DPP4 inhibitor and LDN treatment together did not result in a 
positive outcome on repair after induction of MI. Thus, the stand-alone treatments improved 
tissue repair in Eng+/- mice, but the combined treatments did not.
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vitro with TGFβ in Chapter 4. In this chapter we applied TGFβ to macrophage cultures, and 
we observed that M2 macrophages were induced in wild type cells, which did not happen 
in the Eng+/- cells. Only upon combining TGFβ with ALK1/2/3 inhibition using LDN did 
these macrophages differentiate towards M2. Furthermore, LDN treatment reduced fibrosis 
after MI, increased heart function, and increased blood flow recovery after HLI – however 
in the heart LDN treatment did not have any effect on macrophage M1/M2 differentiation or 
numbers present (Fig. 2), suggesting perhaps other effects of LDN that cause the increased 
tissue repair. Indeed we found that non-SMAD signaling in Eng+/- macrophages was severely 
blunted, and although LDN treatment did not affect these non-SMAD responses, SMAD2 
phosphorylation was significantly increased in Eng+/- macrophages compared to WT upon 
treatment with LDN. Furthermore, the effects on signaling described were performed on 
cultured macrophages, of course as LDN is given systemically to the mice in vivo, we cannot 
exclude effects on other cell types, such as fibroblasts or endothelial cells. 

Fig. 2 LDN treatment had no effect on in vivo macrophage differentiation in the heart. Flow 
cytometric analysis of MNCs isolated from the left cardiac ventricle. Measurement 4 days post-
MI. Ly6Chigh =M1 Ly6Clow =M2.



146

Chapter 7

The separate beneficial results by DPP4 inhibition and BMPR inhibition on tissue repair 
in Eng+/- mice made us question if combined therapy with the two compounds would have 
a synergistic effect on cardiac repair post-MI. In Chapter 3, we obtained improved MNC 
homing and M1/M2 balance via DPP4 inhibition using Diprotin A, and in Chapter 4, ischemic 
damage was restored back to WT levels by BMP inhibition, using LDN. Furthermore, the 
reduction of infarct size and increased angio- and arteriogenesis by both individual treatments 
implied that a combination of treatments could be promising. We therefore induced MI in WT 
and Eng+/- mice, and treated the mice with both the DPP4 inhibitor Diprotin A (DipA) and 
the BMPR inhibitor LDN, and monitored their cardiac function over time using ultrasound. 
Usually, about 10-20% of the mice perish because of cardiac rupture during the first week 
after MI. Unexpectedly, in the first week after myocardial infarction, 60% of the WT animals 
treated with the DipA/LDN combination therapy died of acute cardiac rupture, while only 
20% of Eng+/- mice died when receiving the same treatment (Fig. 3).

Fig. 3 DipA/LDN co-treatment causes acute cardiac rupture in WT mice. Survival graph: black 
= WT, red= Eng+/- animals. All animals were treated with the DipA/LDN combination therapy. 
N=10 mice per group.

Mice that died of acute rupture were assessed for infarct size, and measurements showed that 
the relative infarct size was larger compared to the surviving mice (Fig. 4). This suggests 
animals with large infarct sizes, and in particular WT animals, are negatively affected 
by treatment with DipA/LDN, causing cardiac ruptures. We hypothesize that because all 
ruptures were in the first week post-MI; this coincides with the acute phase of tissue repair, 
where MNCs infiltrate the damaged tissue. In WT mice post-MI, this process is optimal, and 
treatment with DipA/LDN could actually be interfering with this process. I hypothesize that 
where DipA stimulates homing and influences differentiation, and LDN reduces the level of 
fibrosis; the cardiac tissue is not able to handle the influx of cells and consequently ruptures.

Of the surviving mice, DipA/LDN treatment did not show a short or long term beneficial 
effect (Fig. 5), confirming the combined treatment has no positive effect on cardiac recovery, 
even with smaller infarct sizes.  
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Fig. 4 Infarct size. On the left side of the graphs: animals that survived up to 3 months post-MI, 
right side of the graph; animals that died of acute cardiac ruptures (minus 2 mice where the heart 
was not isolated). DipA/LDN co-treatment. N=1-4 per group. Hematoxylin and Eosin staining of 
cardiac tissue, percentage infarct size area of the left ventricle. 

General Discussion

Endoglin heterozygosity blunts intracellular TGFβ signaling in macrophages
Further investigating macrophage function and signaling in Eng+/- mice, we found that 
while the SMAD response was not severely affected, the non-canonical pathways were 
highly unresponsive to any TGFβ stimulation or inhibition.
In Chapter 5 the baseline levels of several non-canonical signaling proteins were compared. 
The Eng+/- levels for pERK1/2 and p-p38 were significantly higher than the wild types. 
ERK and p38 are involved in inflammation, cell survival and apoptosis1-4, moreover p38 is 
also involved in M2 differentiation and activation5,6. The varying levels of these signaling 
pathways indicate that the macrophage responses to stress are affected. Therefore we 
hypothesized that there could be a direct link between endoglin/TGFβ signaling and DPP4. 
DPP4 is a transmembrane protein, found on multiple cell types and as discussed previously, 
regulates MNC homing. It was reported that DPP4 has stimulatory functions regarding T 
cell activation7-9, indicating there are possibly more unknown functions of DPP4 involving 
the immune system. We found that DPP4 inhibition decreases phosphorylation of several 
non-canonical TGFβ signaling molecules involved in the pro-inflammatory response: 
ERK1/2 and AKT (Chapter 5). Other studies showed that TGFβ downregulates DPP4 
expression10 and in another study DPP4 inhibition was reported to increase TGFβ secretion 
in MNCs11. The decrease in ERK1/2 and AKT activation, together with the direct link 
between TGFβ decreasing DPP4 expression suggests that DPP4 can have either direct and/
or indirect effects on TGFβ signaling. At the least for inflammatory conditions, my study in 
Chapter 5 and other studies show that DPP4 inhibition has immunosuppressive actions12; 
phosphorylation of pro-inflammatory NFκB-related proteins such as p65, IκBα and JNK 
were found to be decreased when macrophages were stimulated with LPS and treated with 
a DPP4 inhibitor. 
In Chapter 6 we observed that DPP4 inhibition increased the percentage of macrophages 
present in the epicardium of Eng+/- mice after MI. We conclude here that endoglin is 
important for a fully functional immune system and a change in the immune response may 
be the cause the decreased epicardial repair in Eng+/- mice after MI. We demonstrated that 
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where Eng+/- mice after MI typically show increased epicardial thickening, short term DPP4 
inhibitor treatment normalizes epicardial thinning to WT levels. 
In conclusion, DPP4 inhibitors can affect macrophage polarization, as is also reported in 
a murine model of obesity where DPP4 inhibition resulted in M2 polarization in the liver 
and adipose tissues, reducing the obesity-induced inflammation response and resistance 
to insulin13. This M2 shift we too observed in the myocardial infarct border zone and in 
dermal tissue treated with a DPP4 inhibitor (Chapter 3 and 5 respectively), suggesting 
DPP4 inhibitors are anti-inflammatory and can modulate macrophage differentiation toward 
the reparative M2 macrophages.

Modulation of DPP4-mediated processes
An interesting point of discussion is that DPP4 can be either membrane-bound or shedded/
cleaved to a soluble form. It is therefore interesting to take into account what the differences 
in signaling and mechanistic effects of these two types of the protein are. Solubilization of 
DPP4 is a process not yet completely understood, but in hypoxic conditions is mediated 
by several MMPs, resulting in the shedding of DPP414. An important source for soluble 

Fig. 5 Long term cardiac function does not improve with DipA/LDN combination treatment. 
A. Percent ejection fraction 14 days post-MI. Control versus DipA/LDN co-treatment in mice. 
Measurements taken via cardiac ultrasound of the left ventricle. B. Percent ejection fraction 14 
days post-MI. Control versus DipA/LDN co-treatment in mice. Measurements taken via cardiac 
ultrasound of the left ventricle.
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DPP4 are the kidneys, although recent research also points towards the leukocytes and 
macrophages15. The intracellular and transmembrane parts of DPP4 are absent in the 
soluble form, but its enzymatic function remains intact16,17. Soluble DPP4 was shown to 
induce endothelial constriction, possibly contributing to exacerbation of cardiovascular 
disease18. In disease setting, soluble DPP4 can either have good or bad prognostic values 
when measured as a biomarker in the serum; high plasma levels DPP4 activity were found 
associated with increased occurrence of coronary artery disease19, the progression of 
atherosclerosis in mice20 and was indicative of colorectal metastases in patients21. 
Another point of discussion is that when DPP4 cleaves SDF1, GLP1 or any of its other 
ligands, we can question whether or not these cleaved products are completely inactive22. 
DPP4 inhibition may therefore modulate ligand activity in subtle or unexpected ways, 
and this can vary for every type of DPP4 inhibitor molecule available23. For example, 
Linagliptin is known to block EndoMT, whereas Sitagliptin does not23,24. Further research 
into these inhibitors is therefore necessary, especially in HHT1 context, where endoglin 
heterozygosity influences more functions and processes in the immune system and 
macrophages that we currently know of. For example, endoglin was shown to have direct 
cross-talk with the Hippo pathway (regulating cell proliferation and apoptosis), resulting 
in altered monocyte chemotactic protein-1 (MCP1/CCL2) expression25. The interactions of 
DPP4 and endoglin thus remain interesting targets for immune modulation. 

Clinical applications of DPP4 inhibitors and future perspectives
Many DPP4 inhibitors have been developed and are currently used in the clinic. The 
different DPP4 inhibitors have various mechanisms of action23; for example because of 
permanent or reversible binding to their targets. Therefore the differences between the 
various DPP4 inhibitors need to be extensively researched and documented, as the disease 
type, organ and cell type can severely affect results23,26,27. The protein DPP4 itself is able 
to interact, degrade or bind to many other proteins, such as SDF1, GLP1, NPY, ADA, 
fibronectin and collagen28. Therefore, DPP4 inhibition could be used in several clinical 
applications other than improving the MNC homing in HHT1 or decreasing the fibrotic 
response in tissue repair. DPP4 inhibitors are known to regulate microRNA levels, possibly 
useful in decreasing kidney disease progression in chronic renal disease and diabetes 
mellitus type 2 (DMT2)27,29. Also in atherosclerosis, DPP4 inhibition led to decreased 
vascular smooth muscle cell proliferation, decreased macrophage inflammation status and 
reduced foam cell induction30,31. In accordance with our findings for DPP4, inhibiting DPP8 
and 9 (which are highly expressed in AS plaques) in vitro reduced inflammation status of 
murine macrophages32, confirming the immunomodulatory role of DPP4 and its related 
proteins.
DPP4 inhibitors have possible applications in many fields of medicine. In anti-tumor 
therapy, DPP4 inhibition was able to improve T cell migration in vivo, and resulted in 
improved reactions to immunotherapy33,34. DPP4 has even been linked to stress and 
depression disorders; soluble DPP4 was found decreased in patients suffering from 
depression and could be reversed by anti-depressive treatment35. Contrastingly, in another 
patient cohort plasma DPP4 activity was found increased36, confirming more research is 
necessary, and already suggesting possible population and disorder/treatment differences 
exist for DPP4 plasma activity. 
DPP4 is highly expressed on lymphocytes28 and high membrane DPP4 was shown to 
decrease recovery of cardiac function in CVD patients37. Inhibition of DPP4 could therefore 
possibly be a suitable treatment in cardiovascular disease patients. DPP4 inhibition in 
clinical trials is well tolerated and despite some reports about adverse effects38-41, its 



150

Chapter 7

overall use seems to be either beneficial42-45 or results show treatment had no effect on 
cardiovascular outcome or risk46-48. In future research, DPP4 inhibition is best used in 
concert with other drugs or therapies that stimulate cardiac repair, like anti-coagulants or 
cell therapy.
More research is needed to understand the beneficial impact of DPP4 inhibition on the 
HHT1 immune system and tissue repair, and the research presented in this thesis aimed 
to improve insight on the mechanisms involved in endoglin heterozygosity, in order to 
improve treatment in not only HHT1 patients, but also patients with ischemic injury. 
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Summary 
Hereditary hemorrhagic telangiectasia (HHT) or Rendu-Osler-Weber disease, is a rare 
genetic disorder, known for its endothelial dysplasia causing vessel malformations, severe 
nose bleeds and internal bleedings. In the majority of patients mutations are found in genes 
belonging to the TGFβ superfamily, causing a disbalance in the TGFβ signaling pathway 
by haploinsufficiency of the remaining functional protein. HHT type 1 (HHT1) is the most 
prevalent HHT variant, and its mutation lies in the endoglin gene, encoding a protein which 
functions as co-receptor of TGFβ, and is crucial to neo-angiogenesis and vascular repair. 

The TGFβ signaling pathway is tightly controlled and involves many activators and 
inhibitors. Although endothelial cells and pericytes have been the main research focus for 
HHT, it is now known that mononuclear cells (MNCs) also play an important role in vascular 
homeostasis, integrity and repair. The process by which MNCs are attracted to ischemic, 
damaged or inflamed tissue is tightly regulated via the stromal cell derived factor-1 (SDF1) 
– CXCR4 axis. SDF1 is produced in tissues shortly after an ischemic event, and mobilizes 
MNCs from the bone marrow to the circulation. Subsequent homing of CXCR4+ cells from 
the blood to the site of injury is mediated by the SDF1 gradient and its receptor CXCR4. The 
enzyme DPP4 enzymatically inactivates SDF1, therefore playing a critical role in limiting 
MNC recruitment, limiting the inflammatory response. 

There is a delicate balance between SDF1 and CXCR4, and skewing of either one of the 
proteins or regulators involved in their activation or inhibition will result in impaired homing, 
a defective inflammatory response and hamper wound healing and tissue repair. 

HHT1 was long considered a disorder affecting angiogenesis only. In recent years it has 
become clear that endoglin heterozygosity disturbs the function of many more cell types and 
processes. In Chapter 2, we discussed HHT genetics, etiology and signaling, in particular 
focusing on the role of circulating mononuclear cells, both their impaired homing and 
contribution to tissue repair in HHT context. 

We then showed that inhibiting DPP4 in vivo by treating Eng+/- mice after experimentally 
induced myocardial infarction (MI), restored homing of MNCs and benefits short term cardiac 
recovery by reducing fibrosis in Chapter 3. Here, the number of reparative M2 macrophages 
increased, suggesting that DPP4 inhibition reduced the pro-inflammatory immune response 
after MI. 

By inhibiting BMP signaling using LDN, we aimed to stimulate TGFβ signaling in the Eng+/- 
animals in Chapter 4. In vitro analysis of macrophage differentiation revealed that LDN 
treatment increased the number of reparative macrophages. Treatment of Eng+/- mice with 
LDN restored cardiac function and reduced fibrosis after MI. In a second ischemia model, 
experimentally induced hind limb ischemia, and we showed that LDN improved blood 
flow recovery of Eng+/- mice. We found that macrophage signaling via canonical and non-
canonical pathways is severely impaired by endoglin heterozygosity. 

As macrophage differentiation and tissue repair is impaired in HHT1, in Chapter 5 we 
studied the effect of DPP4 inhibition in a dermal wounding model in Eng+/- animals, assessing 
the healing of the lesion. Compared to untreated animals, dermal application of a DPP4 
inhibitor increased wound closure speed and increased M2 macrophage numbers in the lesion 
area. Levels of fibrosis were decreased, signifying a reduction in scarring of the wound site. 
Furthermore, investigation of intracellular signaling in macrophages showed that in cultured 
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Eng+/- macrophages, non-canonical signaling was severely deregulated.

In Chapter 6, we described the abnormal epicardial response after myocardial damage in 
HHT1 mice. In this study, we analyzed the composition and the behavior of the epicardial layer 
at different timepoints post-MI and found that epicardial thickening is delayed. Furthermore, 
the epicardium was hyperactive in its response to cardiac ischemic injury. Treatment of Eng+/- 
mice with a DPP4 inhibitor reduced epicardial thickening and increased the percentage of 
macrophages present in the epicardial infarct border zone. 

In conclusion, in this thesis we studied different aims and approaches to influence HHT1-
MNC homing and differentiation to restore their contribution to tissue repair. In various 
experimental methods inducing ischemic and/or direct tissue damage, we aimed to 
improve tissue repair in the Eng+/- mice. Using DPP4 inhibition, we increased the SDF1-
CXCR4 homing mechanism, to restore the impaired homing capacity of the HHT1-MNCs. 
Furthermore, we focused on correcting the M1/M2 differentiation in Eng+/- mice. Via use 
of the BMP receptor inhibitor LDN we aimed to restore the skewed BMP/TGFβ signaling; 
stimulating the TGFβ pathway signaling to induce M2 differentiation. We concluded that 
DPP4 inhibition can be used to improve the HHT1 immune system and tissue repair, and is 
best used in concert with other drugs or therapies that stimulate cardiac or tissue repair, like 
anti-coagulants or cell therapy.
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Nederlandse samenvatting 
Hereditaire hemorragische teleangiëctasieën (HHT) of de ziekte van Rendu-Osler-Weber, is 
een zeldzame genetische ziekte, gekenmerkt door endotheel dysplasie dat misvormde vaten, 
bloedneuzen en interne bloedingen veroorzaakt. In het merendeel van de patiënten worden 
mutaties gevonden die zich in de genen van de TGFβ superfamilie bevinden. Hierdoor 
ontstaat een onbalans in de TGFβ signaal route doordat er niet genoeg functioneel eiwit 
aanwezig is. HHT type 1 (HHT1) is de meest voorkomende vorm van HHT, met de mutatie 
in het endoglin gen, dat codeert voor een eiwit dat functioneert als co-receptor voor TGFβ, 
cruciaal voor neo-angiogenese en vaat-herstel.

De TGFβ signaal route is een zeer gecontroleerd proces en bestaat uit veel activators en 
inhibitoren. Hoewel endotheel cellen en pericyten de voornaamste onderzoeksfocus waren 
voor HHT, is het nu bekend dat mononucleaire cellen (MNCs) ook een belangrijke rol spelen 
in vaat-homeostase, integriteit en herstel. Het proces waardoor MNCs worden aangetrokken 
naar ischemische, beschadigd of ontstoken weefsel is gereguleerd via de stromaal cel-
afkomstige factor-1 (SDF1) – CXCR4 as. SDF1 wordt geproduceerd in weefsels kort na een 
ischemische gebeurtenis, en mobiliseert MNCs van het beenmerg naar de bloed circulatie. 
Vervolgens migreren CXCR4+ cellen van het bloed naar de plek van schade, gemedieerd 
door het volgen van de SDF1 gradiënt met zijn receptor CXCR4. Het enzym DPP4 kan SDF1 
enzymatisch inactiveren, en speelt daardoor een essentiële rol in het beperken van MNC 
migratie, en daarmee het beperken van de ontstekingsreactie. 

Er is een delicate balans tussen SDF1 en CXCR4, en verandering van een van de eiwitten of 
regulatoren betrokken bij hun activatie of inhibitie zal zorgen voor verminderde migratie, een 
defecte immuunrespons en bemoeilijkt wondheling en weefselherstel.

HHT1 werd lang gezien als een ziekte die voornamelijk de bloedvaten aantast. De laatste 
jaren is duidelijk geworden dat endoglin deficiëntie de functie verstoord van veel meer cel 
types en processen. In Hoofdstuk 2 worden HHT genetica, etiologie en signaleringsroutes 
besproken, met de focus op de rol van circulerende MNCs, en zowel hun verminderde 
migratie en aandeel in weefselherstel in HHT perspectief. 

We laten verder zien dat het inhiberen van DPP4 in vivo door het behandelen van Eng+/- 
muizen na experimenteel geïnduceerd myocard infarct (MI) het migreren van de MNCs 
herstelde en het herstel van het hart op korte termijn verbeterde door vermindering van 
fibrose vorming in Hoofdstuk 3. Verder verhoogde het aantal reparatieve M2 macrofagen, 
wat suggereert dat DPP4 inhibitie de pro-ontstekingsrespons na een MI kon verminderen.

Door het inhiberen van BMP signalering met gebruik van LDN hadden we als doel om TGFβ 
signalering in de Eng+/- muizen te stimuleren in Hoofdstuk 4. Na in vitro analyse van macrofaag 
differentiatie bleek dat LDN behandeling het aantal reparatieve macrofagen verhoogde. 
Behandeling van de Eng+/- muizen met LDN herstelde de hartfunctie en verminderde fibrose 
na MI. In een tweede model voor ischemie, lieten we zien dat LDN het bloedstroom herstel 
verbeterde in de Eng+/- muizen. We vonden verder dat macrofaag signalering via de hoofd- en 
ongebruikelijke routes sterk verminderd is door endoglin deficiëntie.

Omdat macrofaag differentiatie en weefsel herstel verminderd zijn in HHT1, bestudeerden 
we in Hoofdstuk 5 het effect van DPP4 inhibitie in een huidwond-model in de Eng+/- muizen, 
waarbij we het herstel van de huidwond bekeken. Vergeleken met de onbehandelde dieren, 
toediening van een DPP4 inhibitor op het huidoppervlak zorgde ervoor dat het wondherstel 
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sneller verliep, en de aanwezigheid van M2 macrofagen werd verhoogd. Het fibrose niveau 
werd verlaagd, wat duidt op een vermindering van litteken vorming van de wonden. Verder 
onderzoek van intracellulaire signalering in macrofagen liet zien dat de ongebruikelijke 
signaleringsroute sterk was aangetast in gekweekte Eng+/- macrofagen.

In Hoofdstuk 6 beschrijven we de abnormale epicardiale reactie na myocard schade in de 
HHT1 muizen. In deze studie analyseerden we de compositie en het gedrag van de epicardiale 
laag op verschillende tijdspunten na MI, en vonden dat het verdikken van de epicardiale laag 
is vertraagd. Verder bleek het epicard hyperactief in de reactie op ischemische schade van het 
hart. Behandeling van de Eng+/- muizen met een DPP4 inhibitor verminderde het verdikken 
van het epicardium en verhoogde het percentage macrofagen aanwezig in het grenszone van 
het myocard infarct. 

In conclusie, in dit proefschrift zijn verschillende doelen en aanpakken bestudeerd om de 
HHT1-MNC migratie en differentiatie te beïnvloeden, om de bijdrage aan weefselherstel 
te verbeteren. In verschillende experimentele methoden die ischemische of direct 
weefselschade veroorzaken, probeerden we weefsel herstel te verhogen in de Eng+/- muizen. 
Door middel van DPP4 inhibitie konden we de SDF1-CXCR4 signaal verhogen, en daarmee 
de migratie capaciteit van de HHT1-MNCs herstellen. Verder focusten we op het herstellen 
van de verstoorden balans van de M1/M2 macrofaag differentiatie in de Eng+/- muizen. 
Gebruikmakend van de BMP receptor inhibitor LDN hadden wij als doel de verstoorde BMP/
TGFβ signalering te herstellen; door het stimuleren van de TGFβ signaal route konden wij de 
differentiatie van M2 macrofagen induceren. We concluderen dat DPP4 inhibitie kan worden 
gebruikt om het HHT1 immuunsysteem te herstellen en weefselherstel te verbeteren, maar 
DPP4 inhibitie kan het beste worden ingezet in combinatie met andere medicatie of therapieën 
die hart of ander weefselherstel stimuleren, zoals antistollingsmiddelen of celtherapie. 
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