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General Discussion

HHT]1 is caused by mutations in endoglin, the TGF 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 TGFf 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 TGFf and
BMP signaling balance to be disturbed. To investigate the effect of skewing the BMP/TGFf
signaling pathways towards increased TGF 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 TGFP 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 TGFp 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 TGFp in Chapter 4. In this chapter we applied TGFf 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 TGFp 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.
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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.
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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).
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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 MNC:s 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.

Endoglin heterozygosity blunts intracellular TGFp 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 TGFf 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 apoptosis'*, moreover p38 is
also involved in M2 differentiation and activation®¢. 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/TGFf 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 activation”, indicating there are possibly more unknown functions of DPP4 involving
the immune system. We found that DPP4 inhibition decreases phosphorylation of several
non-canonical TGFf signaling molecules involved in the pro-inflammatory response:
ERK1/2 and AKT (Chapter 5). Other studies showed that TGFf downregulates DPP4
expression'® and in another study DPP4 inhibition was reported to increase TGFf secretion
in MNCs'!. The decrease in ERK1/2 and AKT activation, together with the direct link
between TGFf decreasing DPP4 expression suggests that DPP4 can have either direct and/
or indirect effects on TGFp signaling. At the least for inflammatory conditions, my study in
Chapter 5 and other studies show that DPP4 inhibition has immunosuppressive actions'?;
phosphorylation of pro-inflammatory NFkB-related proteins such as p65, IkBa and INK
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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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.

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 insulin'®. 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 DPP4!4. An important source for soluble
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DPP4 are the kidneys, although recent research also points towards the leukocytes and
macrophages'>. The intracellular and transmembrane parts of DPP4 are absent in the
soluble form, but its enzymatic function remains intact'!”. Soluble DPP4 was shown to
induce endothelial constriction, possibly contributing to exacerbation of cardiovascular
disease'®. 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 disease', the progression of
atherosclerosis in mice?® and was indicative of colorectal metastases in patients?!.

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 inactive?.
DPP4 inhibition may therefore modulate ligand activity in subtle or unexpected ways,

and this can vary for every type of DPP4 inhibitor molecule available?. For example,
Linagliptin is known to block EndoMT, whereas Sitagliptin does not?>?*. 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) expression®. 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 action®; 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 results?2%?7. The protein DPP4 itself is able

to interact, degrade or bind to many other proteins, such as SDF1, GLP1, NPY, ADA,
fibronectin and collagen®®. 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)*#. Also in atherosclerosis, DPP4 inhibition led to decreased
vascular smooth muscle cell proliferation, decreased macrophage inflammation status and
reduced foam cell induction®**!. 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 macrophages®, 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 immunotherapy?****. 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 treatment®. Contrastingly, in another
patient cohort plasma DPP4 activity was found increased*, confirming more research is
necessary, and already suggesting possible population and disorder/treatment differences
exist for DPP4 plasma activity.

DPP4 is highly expressed on lymphocytes?® and high membrane DPP4 was shown to
decrease recovery of cardiac function in CVD patients”. 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 effects®*4, its
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overall use seems to be either beneficial**** or results show treatment had no effect on
cardiovascular outcome or risk**®. 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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