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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 people'?. HHT severity and disease onset are
highly variable between patients, and symptoms progressively worsen with age’. 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 Curagao, where they decided on guidelines to improve diagnosis, the Curagao
criteria. The Curagao criteria are now a standardized set of symptoms and characteristics.
When patients are diagnosed, genetic testing is performed to identify the mutation*.

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 TGFp superfamily,
causing a disbalance in the TGFp 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
TGFB, and is crucial to neo-angiogenesis and vascular repair’. Mutations in the second
most prevalent variant is the activin receptor-like kinase 1 (ALK1) and is referred to as
HHT2'. ALK1 is a TGF type I receptor involved in the angiogenic switch; the promotion
and inhibition of angiogenesis''. HHT3 and HHT4 are caused by mutations in chromosome
5 and 7 respectively, but the genes or proteins affected are not yet identified'>'*. Mutations
in the third gene are in SMAD4, a downstream signaling protein of TGFB/BMP, causing the
combined syndrome of juvenile polyposis, known as JP-HHT'. Recently BMP9 (a ligand
for ALK 1) was identified as a fourth gene responsible for HHT5'. The various mouse
models available that represent the HHT variants are discussed in more detail in Chapter 2
of this thesis.

TGFp signaling and endothelial cells

The vascular defects and impaired angiogenesis in HHT 1 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 matrix®!¢. The effects of
endoglin haploinsufficiency are therefore extensively researched in this cell type. Endoglin
is a co-receptor for TGFf, a multifunctional cytokine involved in many cellular processes
ranging from proliferation, migration and fibrosis to apoptosis. Upon tissue damage,
TGE is released by the extracellular matrix, apoptotic cells or platelets, and secreted by
fibroblasts, macrophages and T lymphocytes'”'%.

The TGFp signaling pathway encompasses the TGFf superfamily of ligands, all binding to
a specific type I/I receptor combination (Fig. 1). The TGFp superfamily of ligands can be
divided in two groups, the TGFf 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. ALK 1
can form a complex with the TGF or BMP receptor type II in the presence of ALKS and
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the presence of endoglin as co-receptor'®2?2. The TGFp receptor type I consists of two
subtypes, ALK signaling via SMADs 1, 5 and 8, and ALKS5 signaling via SMAD 2 and 3.
In ECs, TGFB-ALKI1 signaling leads to proliferation and migration, whereas TGFp-ALKS
signaling leads to a quiescent state of the EC. Endoglin mainly stimulates the TGFB-ALK1
pathway, and suppresses the TGF-ALKS pathway®. 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 TGFp signaling pathway is tightly controlled and involves many activators and
inhibitors. Although endothelial cells?* and pericytes* 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-MNCs?*. Studies in HHT1 patients reported increased occurrences of
severe bacterial infections in, such as cerebral, hepatic, muscular and other infections?”2,
possibly due to the impaired MNC response.
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Fig. 1 Schematic representation of TGFp 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 levels®. Upon ischemia, hypoxia inducible factor 1 alpha (HIF1a) 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 CXCR42%3,

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 CXCR4%'32, DPP4 is a
potent proteolytic enzyme®*3*. It is a 110kd transmembrane protein and is expressed by
various cell types, such as endothelial cells, epithelial cells, melanocytes, monocytes and
lymphocytes®>*¢, 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
MNC:s 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
binding®’. DPP4 enzymatically inactivates SDF 1, 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 impaired®. When we
pre-treated the MNCs from HHTT1 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 injury®®. In previous studies TGFp has been reported to modulate DPP4 levels on
MNCs*4, However, the impact and role of TGFf 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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Eng+/- mice
HHT1 model

Impaired MNC MNCs too
homing inflammatory

Diprotin A - LDN - BMPR
DPP4 inhibitor inhibitor

Increase tissue
repair

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 BMIPR inhibitor LDN we aimed to restore the skewed
BMP/TGF signaling; stimulating the TGFp pathway signaling thereby resulting in improved
M2 differentiation.
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heterozygous mice, a mouse model of HHT 1. 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 TGFf
signaling affecting the inflammatory characteristics of macrophages.

Outline per chapter

HHT1 is caused by mutations in the TGFB 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
HHT]1, 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/TGFp 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 TGFj
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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