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Figure 38: Proximal and distal PEA biorepository with recanalized regions. A. H&E staining of
proximal and distal fibrous tissue. B. Evident recanalization was assessed by vWT{ (green), a-SMA (red),
DAPI (blue) in distal patent and occluded tissue in comparison to distal pulmonary artery (PA). Scale
bar 50pum (n=3).
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The proximal endarterectomised tissue mainly resembled fibrinous structures with poor
cellular composition. Vessel-like structures were observed in both distal patent and distal
completely occluded tissue stained by H&E, may be due to extensive recanalization in the
distal PEA tissue (Figure 38A). The recanalized regions were next confirmed to be von

Willebrand factor (vW{) and a-smooth muscle actin (a-SMA) positive staining (Figure 38B).

4.6.3. Deposition of soluble and insoluble collagen in proximal and distal PEA

biorepository

In order to characterize and compare the deposited collagen in the proximal and the distal
(patent and occluded) fibrous tissue, a histological and biochemical evaluation was conducted

employing Trichrome staining and Sircol assay (Figure 39).

As observed from Figure 39A the proximal fibrous tissue, exhibits extensive collagen
deposition (in blue) and some fresh thrombi (in red), as well as poor cellular composition in
comparison to the respective control. The distal patent and completely occluded fibrous tissue
are as well collagen enriched, and to a certain extent with higher cellular composition of
spindled shape cells, randomly distributed or in a network forming recanalized, vessel-like

structures (Figure 39B).

When assessing the soluble collagen, from central and both distal (peripheral), patent or
completely occluded tissue, in contrast to their respective controls, the results show a
significant difference between the groups F(4, 34) =2.989, p <.05). The post-hoc tests showed
that the central fibrous tissue exhibits significantly lower amount of soluble collagen in
comparison to the control proximal pulmonary artery (Dunnett, p < .05), while distal
pulmonary artery is not different to distal patent (Dunnett, ns) and distal occluded (Dunnett,

ns) as well as distal patent is not different to distal occluded (Dunnett, ns) (Figure 39C).

The insoluble collagen measurements showed a significant difference between the groups F(4,
32) = 4.893, p < .01). Although, the post-hoc tests revealed that the amount of insoluble
collagen in the central fibrous tissue is not significantly different to the collagen in the proximal
pulmonary artery (Tukey, ns), the insoluble collagen in the distal occluded tissue is
significantly higher than in the distal pulmonary artery (Tukey, p <.05), while not different to
distal patent tissue (Tukey, ns). Distal patent and distal completely occluded tissues were not

different to each other (Tukey, ns) (Figure 39D).
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Figure 39: Characterization of the deposited collagen in PEA biorepository. A. Trichrome staining
of proximal heathy pulmonary artery and proximal fibrous PEA tissue; B. Trichrome staining of distal
heathy pulmonary artery and distal patent and fibrous PEA tissue; C. Quantification of the soluble
collagen in PEA extracted tissue and respective controls; D. Quantification of the insoluble collagen in
PEA tissue and respective controls; n=8. Data are represented as meantSEM (*p<0.05, **p<0.01,
**%p<0.001).

95



Results

4.6.4. Genome wide expression profiling of proximal and distal PEA material

To investigate and compare the site-specific differential gene expression of proximal and distal
stenotic and distal completely occluded biorepository, we performed microarray—based
approach of genome wide expression profiling from these samples and their corresponding

controls, including the pre-thrombus affected (PEA) pulmonary artery.
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Figure 40: Gene regulation patterns of central, patent and completely occluded PEA repository
in comparison to their respective contols. A. Heatmap of the top 100 differentially regulated genes
selected by F value. Blue indicates relatively low expression, while red relatively high expression;
mRNA expression of: B. FoxO1; C. FoxO3; D. KLF2; E. GATA6; n=6; Data are represented as
mean=SEM (*p<0.05, **p<0.01, ***p<0.001 versus proximal PA; *p<0.05,%p<0.01, **p<0.001 versus
distal PA; *p<0.05,"p<0.01, *#p<0.001 versus PEA PA).

As demonstrated in the heatmap, in both proximal and distal PEA material, similar as well as
differential regulation of subset of genes was observed, when compared to the corresponding
controls (Figure 40A). Importantly, microarray analysis suggests deregulation of several
important transcription factor networks in the distal PEA tissue, including FoxO1 and 3, KLF2
and GATAG. Further on, we confirmed the results from the screening by real-time PCR.

As noticed from Figure 40B, for the FoxO1 gene expression, there was a significant difference

between the groups F(5, 26) = 27.633, p <.001). FoxO1 was significantly upregulated in the
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proximal fibrous tissue in comparison to the proximal (control) pulmonary artery (Tukey, p <
.001). Furthermore, the PEA pulmonary artery was exhibiting extensive upregulation of FoxO1
in comparison to the control pulmonary artery (Tukey, p < .001). With regard to the distal
compartment, FoxO1 expression in the distal patent tissue was significantly upregulated in
contrast to the control distal pulmonary artery (Tukey, p < .001) as well as in the distal
completely occluded tissue (Tukey, p <.001). FoxO1 expression in the distal patent and distal

completely occluded were not significantly different to PEA pulmonary artery (Tukey, ns).

Next, we evaluated the FoxO3 mRNA expression levels in both proximal and distal PEA in
contrast to their corresponding controls. The results showed a significant difference between
the groups F(5, 30) = 8.006, p < .001). The expression of FoxO3 in the control pulmonary
artery was not significantly different to proximal fibrous tissue (Tukey, ns), while it was
significantly different to PEA pulmonary artery (Tukey, p <.01). The FoxO3 expression in the
proximal fibrous tissue was not significantly changed to PEA pulmonary artery (Tukey, ns).
FoxO3 levels were significantly upregulated in distal patent (Tukey, p <.01) as well as to distal
completely occluded (Tukey, p < .01) tissue, in comparison to the corresponding control

(Figure 40C).

When KLF2 was evaluated in terms of mRNA expression in both proximal and distal fibrous
tissue, the results revealed a significant difference between the groups F(5, 30) = 4.545, p <
.01). The KLF2 expression in the proximal fibrous tissue was not significantly regulated in
comparison to the control pulmonary artery (Dunnett, ns) and PEA pulmonary artery to the
proximal fibrous tissue (Dunnett, ns). The mRNA expression of distal patent tissue was not
significantly different to the respective control (Dunnett, ns), but KLF2 was significantly
upregulated in the distal occluded tissue (Dunnett, p <.05) (Figure 40D).

On the other hand, the mRNA expression profiling of embryonic GATAG6 revealed a significant
difference between the groups F(5, 24) = 3.861, p < .05). The GATA6 mRNA expression of
the proximal fibrous tissue was not significantly changed in contrast to the control pulmonary
artery (Tukey, ns) as well as to PEA pulmonary artery (Tukey, ns). Within the distal part, we
haven't observed significant changes in distal patent (Tukey, n.s.), but a significant
upregulation of GATAG6 in the distal occluded tissue (Tukey, p < .05) in contrast to the

respective controls (Figure 40E).
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4.7. Chapter VI: Chitinase-3-like-1 (CHI3L1), expression and their functional effects
on vascular cells
4.7.1. Screening of CHI3L1 expression in donor, CTEPH and IPAH patients and their

basal expression in human vascular and tumour lung cells

As an initial step, in order to confirm the results of the microarray screening and to better
understand the regulation of CHI3L1 in the pathobiology of CTEPH, the expression pattern
was evaluated in frozen lung sections subjected to laser capture microdissection (LCM) of
pulmonary vessels, followed by RNA isolation and qPCR (Figure 41A). The results of the
comparison of CHI3LI revealed a significant difference between the groups F(2, 15) = 4.539,
p < .05). The post-hoc tests showed that CTEPH LCM samples are presenting a significant
upregulation of CHI3L1 expression (ACt=3.05; Tukey-HSD, p < .05), in comparison to the
respective donors; while the IPAH samples were not significantly different to the donors

(ACt=1.22; Tukey-HSD, ns), nor in comparison to CTEPH (Tukey-HSD, ns).
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Figure 41: CHI3L1 expression in pulmonary vessels of donors, CTEPH and IPAH patients. A.
mRNA expression analysis of CHI3L1 by gPCR. B. Representative immunohisto-microphotographs of
human lung sections stained with CHI3L1 (dark brown). Scale bar: 20pm. Data is expressed as ACt,
normalized to the donors and represented as mean+SEM (n=6; *p<0.05, **p<0.01, ***p<0.001).
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The immunohistological staining showed a predominant localization of CHI3L1 in PAECs,
PASMCs, macrophages and partly in the adventitia (PAAFs) of CTEPH pulmonary vessels as
comapred to donors (Figure 41B). Expression of CHI3L1 was noticable in some IPAH patients

as well.

Furthermore, when evaluating the basal mRNA expression, lung pericytes showed the highest
abundance of CHI3L1, followed by PASMCs and PAAFs. The pulmonary microvascular ECs
(hPMEC:s) presented the lowest mRNA levels of CHI3L1 among the tested cell types (Figure
42A). In contrast to the mRNA expression, CHI3L1 protein levels are highest in A549 tumour
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cells, while PASMCs and PAAFs are presenting the lowest level of CHI3L1 protein expression
(Figure 42B and 42C).
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Figure 42: Evaluation of CHI3L1 basal mRNA and protein expression in human vascular and
tumour lung cells. A. mRNA expression levels of CHI3L1 in human PMECs, PAECs, PASMCs,
PAAFs, A549 and lung pericytes (n=3piological replicate; N=2experimental replicate); B. Representative Western blot
image of protein levels of CHI3L1 in the listed cell types; C. Densitometry of protein levels of CHI3L1
(n=4, lung pericytes n=3). GAPDH was used as a loading control. Data is expressed as ACt (mRNA)
or A.U. (proteins) and normalized to the expression of hPMECs.

4.7.2. CHI3L1 expression in human naive (M0) and polarized-activated (M1 and M2)

macrophages

To demonstrate whether the resting or activated macrophages will convey differential CHI3L1
mRNA and protein expression, their generation and polarization was conducted from
peripheral blood mononuclear cells employing the protocols established in the lab of Dr.
Rajkumar Savai. In order to compare the CHI3L1 levels in M0, M1 and M2 macrophages, an
ANOVA is conducted. The results indicated a significant difference (F(2, 18) =4.629, p <.05)
and showed that M2 (anti-inflammatory) macrophages exhibited significantly lower CHI3L1
mRNA expression with ACt=-0.15 compared to MO (Tukey-HSD, p < .05), while M1 (pro-
inflammatory) macrophages were not presenting significant difference in CHI3L1 expression
in contrast to the MO macrophages (0.69; Tukey-HSD, ns). M1 and M2 macrophages were not
significantly different from each other (Tukey-HSD, ns) in terms of CHI3L1 mRNA expression
(Figure 43A).
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Figure 43: Evaluation of CHI3L1 basal mRNA and protein expression in human naive (M0) and
polarized (M1, M2) macrophages. A. mRNA expression levels of CHI3L1 in human macrophages
normalized to MO (n=7); B. Representative Western blot image of protein levels of CHI3L1 in the
respective groups; C. Densitometry of protein levels of CHI3L1 (n=6). GAPDH was used as a loading
control. mRNA data is expressed as ACt, protein level data are expressed as percentage of control (MO).
Data are represented as meantSEM (*p<0.05, **p<0.01, ***p<0.001; ; $p<0.05, **p<0.01, **p<0.001

versus M1).

The results of the comparison of CHI3L1 protein levels in M0, M1 and M2 macrophages,
indicate a significant difference (F(2, 15) = 6.297, p <.05). The post-hoc tests showed that M2
macrophages were having a significantly lower protein level with 70.21% compared to M1
(128.06%; Tukey-HSD, p <.01), but not to MO (Tukey-HSD, ns). Also CHI3L1 expression in
M1 and MO macrophages did not significantly differ (Tukey-HSD, ns) (Figure 43B and 43C).

4.7.3. Effect of different PH-associated growth factors in the expression of CHI3L1 in

lung vascular cells

To determine the effect of various growth factors (GFs) on CHI3L1 expression, we stimulated
hPMECs, hPASMCs and hPAAFs with PH associated GFs that were found to be deregulated

from the microarray screening.

4.7.3.1. Effect of different growth factors on the expression of CHI3L1 in human

pulmonary microvascular endothelial cells (hPMECs)

hPMECs were stimulated with different GFs and cytokines such as VEGFA, IL6, ILS8, IL13,
IL18, CCL2, PDGF-BB, TGF-B and TNF-a. The results of the mRNA expression profiling
showed a significant difference between the groups F(9, 74) = 15.049, p < .001). IL6 was
significantly upregulating the CHI3L1 expression (Dunnett, p < .01), as well as the TNF-a
(Dunnett, p <.001). The mRNA expression to VEGF, ILS8, IL13, IL18, CCL2, PDGF-BB and
TGF-B were not significantly different, despite the tendency to increase the CHI3L1 mRNA
levels (Figure 44A).
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The results of comparing protein levels of CHI3L1 where hPMECs were stimulated with
different GFs showed no significant difference between the groups F(9, 20) =0.470, ns) (Figure
44B and 44C.
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Figure 44: Growth factors effect on the CHI3L1 expression in human pulmonary microvascular
endothelial cells. A. mRNA expression levels of CHI3L1 in human hPMECs normalized to controls
(n=3biological replicates; N=3experimental replicates); B. Representative Western blot image of protein levels of
CHI3LI in the respective groups with the given concentrations of each GF; C. Densitometry of protein
levels of CHI3L1 (n=3). GAPDH was used as a loading control. nRNA data is expressed as ACt, protein
level data are expressed as percentage of control. Data are represented as meantSEM (*p<0.05,
**p<0.01, ***p<0.001).

4.7.3.2. Effect of different growth factors on the expression CHI3L1 in human
pulmonary artery smooth muscle cells (hPASMCs)

hPASMCs were stimulated with different growth factors IL6, ILS, IL13, IL18, CCL2, PDGF-
BB, TGF- and TNF-a with the indicated concentrations as in Figure 45B. The results are
compared using an ANOVA test and show a significant difference between the groups F(8, 66)
=28.701, p <.001). Stimulation of hPASMCs with IL13 caused significant downregulation of
CHI3L1 at mRNA level (Dunnett, p < .01). Similarly, PDGF-BB decreased the CHI3LI
expression (Dunnett, p < .001), while TNF-a significantly upregulated the CHI3L1 (Dunnett,
p <.001). The differences to IL6, IL8, IL18, CCL2 and TGF showed no significance (Figure

46A).
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to 400 ng/mL (Tukey, p < .05). Serum stimulated and serum deprived controls were also

statistically different to each other (Tukey, p <.05) (Figure 48C and 48D).
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Figure 48: Effect of CHI3L1 on migration of hPASMCS and hPAAFs. Effects were tested with
concentration of 200 and 400 ng/mL using Boyden chamber assay; A. Representative microphotographs
of transwell membrane of CHI3L1linduced hPASMCS migration; B. Quantification of the migrated
hPASMCs; C. Representative microphotographs of transwell membrane of CHI3L1 induced hPAAFs
migration; D. Quantification of the migrated hPAAFs; Data (n=3piological replicates; =3technical replicates) are
expressed as percentage of control and represented as mean+=SEM (*p<0.05, **p<0.01, ***p<0.001).

4.7.6. Effect of CHI3L1 on contractility of hPASMCs

In order to evaluate the role of CHI3L1 in modulation of cell contractility, in vitro studies were
carried on hPASMC:s using rat tail collagen type 1 solution. Within the stimulated condition
CHI3L1 was tested in serum deprived medium. We noted that the comparison of -FCS and GM
(growth media) showed a significant difference (T(6) = 7.707, p < .001). Comparing —FCS
with the other groups as well revealed a significant results (F(3,12) = 13.38, p <.01). The post-
hoc tests confirms that, when hPASMCs are treated with 100 ng/mL CHI3L1, the gel size
decreases, which suggest increased contractility up to 71.12% (Dunnett, p < .001). Similarly,

as the concentration of CHI3L1 increased at 200 ng/mL and 400 ng/mL, we observed
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comparable pattern of decreased gel size up to 72.30% (Dunnett, p <.01) and 76.93% (Dunnett,

p <.01) respectively, in comparison to serum deprived control (Figure 49A and 49B).
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Figure 49: CHI3L1 induced contractility of hPASMCs. Effects were tested using concentration of
CHI3LI at 100, 200 and 400 ng/mL in serum deprived medium; A. Quantification of the contracted
gels for different conditions; B. Representative image of the contracted gels under different conditions.
Data (n=4viological replicates) are expressed as percentage of control and represented as mean+SEM (*p<0.05,
*#p<0.01, ***p<0.001).

4.7.7. Effect of CHI3L1 on VEGTF signalling pathway in hPMECs

To test whether CHI3L1 acting on hPMECs has a causative role in triggering the VEGF
signalling pathway, we stimulated donor hPMECs with recombinant CHI3L1 with different

concentrations.

Treatment with CHI3L1 resulted in significant difference between the groups in vascular
endothelial growth factor receptor 2 (VEGFR2) using a one-sided ANOVA test F(5, 18) =
2.723, p <.05). Concentrations of 200 ng/mL (Tukey-HSD, p < .05) and 600 ng/mL (Tukey-
HSD, p < .05) significantly increased the VEGFR2 expression at protein level, while cells
stimulated with 50 ng/mL, 100 ng/mL and 400 ng/mL presented increased, but not significant
tendency of VEGFR2 induction (Tukey-HSD, ns) (Figure 50A and 50B).

Stimulation of hPMECs with CHI3L1 did not affect the proteins levels of vascular endothelial
growth factor receptor 1 (VEGFR1), as no significant difference between the groups F(5, 18)
= 0.856, ns) was noted (Figure 50A and 50C).
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Figure 50: Effect of CHI3L1 on VEGF signalling pathway. A. Representative Western blot images
of protein levels of selected VEGF signalling molecules (VEGFR2, VEGFR1, pFAK (Tyr861) in
comparison to FAK, pSRC family (Tyr416) in comparison to SRC, and VEGFA protein expression)
stimulated with 2-fold increasing concentration of CHI3L1. Densitometry of protein levels in response
to CHI3L1 stimulation of: B. VEGFR2; C. VEGFR1; D. FAK (Y861) and FAK; E. SRC (Y416) and
SRC; F. VEGF-A; B-actin (ACTB) was used as a loading control; (n=4). Protein levels data are
expressed as percentage of control. Data are represented as meantSEM (*p<0.05, **p<0.01,
*#%p<0.001).

ng/mL CHI3L1

Furthermore, we noted significant difference between the groups, with regard to the
phosphorylation of the focal adhesion kinase (FAK) (F(5, 18) = 2.701, p < .05). CHI3L1 in
concentration of 600 ng/mL significantly increased the phosphorylation of FAK at Tyr861
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(Y861) (Tukey-HSD, p < .05) while the rest stimulations showed inclination, although not
significantly different (Tukey-HSD, ns) (Figure 50A and 50D).

The results regarding phosphorylation of proto-oncogene tyrosine family protein kinases SRC
(SRC) at Tyr416 (Y416) are suggesting significant difference between the groups F(5, 18) =
6.420, p < .001). The post-hoc tests show that 50 ng/mL (Tukey-HSD, p < .05), 100 ng/mL
(Tukey-HSD, p < .05), 400 ng/mL (Tukey-HSD, p < .05) and 600 ng/mL (Tukey-HSD, p <
.01) are significantly different to the control, while 200 ng/mL is not significantly different
(Tukey-HSD, ns) (Figure 50A and 50E).

Vascular endothelial growth factor A (VEGFA) was significantly induced as well as a result
of the CHI3L1 stimulation F(5, 18) = 5.343, p <.01). When cells were stimulated with different
concentrations of recombinant CHI3L1 we observed significant increase of VEGFA protein
levels at 100 ng/mL (Tukey-HSD, p <.01), 400 ng/mL (Tukey-HSD, p <.05) and 600 ng/mL
(Tukey-HSD, p < .01), while 50 ng/mL and 200 ng/mL of CHI3L1 were not significantly
different to the respective control (Tukey-HSD, ns) (Figure 50A and 50F).

4.7.8. Ex-vivo assessment of the vessel number in end-stage CTEPH

As end stage-CTEPH lung tissues suggested to have an increased angiogenic potential from
the microarray data as well as from our microscopic observation, we evaluated the total
(micro)vessel density as a number of von Willebrand factor (vWf), CD31- and CD34- positive
vessels in the tissue section divided by the total area. When CTEPH were compared to donor
samples, we observed a significant increase in the number of the vVWF positive vessels (T(4) =
-7.646, p < .01) (Figure 51A and 51B). Further on, the CD31 staining and vessel number
quantification confirmed increased number of vessels in the CTEPH lung samples in
comparison to the controls (T(4.258) = -4.611, p <.01) (Figure 51A and 51C). Similarly, the
CD34+ vessel evaluation confirmed the result of increased vessel count in diseased conditions

(T(5.038) = -3.278, p < .05) (Figure 51A and 51D).
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Figure 51: Total vessel density in explanted end-stage CTEPH in comparison to donors. A. Representative
microphotographs of vessels within control and CTEPH lung samples stained with different markers
for endothelial cells as vW{, CD31 and CD34; Field magnification 5x; Quantification of the number of
the vessels visualized and identified by: B. vWT{ staining (n=3); C. CD31 staining (n=5); D. CD34
staining (n=6) ; Data are normalized to 100mm? tissue surface and represented as mean+SEM (*p<0.05,
*#p<0.01, ***p<0.001).

4.7.9. Ex-vivo effect of CHI3L1 on human precision cut lung sections in terms of

vascular remodelling

Further, in order to evaluate the ex-vivo effect of CHI3L1 on vascular remodelling and
downstream signaling pathways, the precision cut lung sections were used. Human living
precision cut (300 uM thick) lung sections were kept at 37°C and 5% CO> in a humidified
chamber for 10 days, being fully replenished after the fourth day of stimulation. CHI3L1 was

diluted to final concentration in 1%FCS containing medium (Figure 52A).

To access the vascular remodelling, measurements of MWT and neointima were taken. The
results regarding MWT were compared using a one-sided ANOVA test and show a significant
difference between the groups F(5, 17) = 5.812, p <.01). Interestingly, CHI3L1 stimulation
affected significantly the MWT in all the given concentrations: 200 ng/mL (Tukey-HSD, p <
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.05), 400ng/mL (Tukey-HSD, p < .05), 800ng/mL (Tukey-HSD, p < .05) and 1200 ng/mL
(Tukey-HSD, p <.01). The post-hoc tests showed that the 1% FCS is significantly different to
20% FCS (Tukey-HSD, p < .001) (Figure 52B and 52C). The results regarding the
neointima/media ratio revealed no significant difference between the groups F(5, 17) = 0.717,

ns) (Figure 52B and 52D).
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Figure 52: CHI3L1 ex-vivo induced vascular remodelling. Effects of recombinant CHI3L1 were
tested at concentration of 200, 400, 800 and 1200 ng/mL. A. Schematic representation of the
experimental plan; B. Representative microphotographs of vessels stained with Elastica Van Gieson
from PCLS; B. Quantification of the medial wall thickness (MWT) in PCLS vessels shown as a
percentage; C. Ratio neointima/media assessment of CHI3L1 stimulated PCLS. n=4 +#
¢(1200ng/mL)=3. Data is represented as mean+SEM (n=12; *p<0.05, **p<0.01, ***p<0.001)

mRNA from three biological PCLS replicates (controls and concentrations of CHI3L1 of 800
ng/mL and 1200 ng/mL) was isolated, pooled and subjected to microarray screening, in order
to evaluate whether CHI3L1 has an differential effect on some genes and associated signalling

pathways. As shown in Figure 53A, there was a transcriptional difference between 800 ng/mL
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and 1200 ng/mL stimulated PCLS (red dots-top 20 significantly regulated genes) as well as
compared to controls. The ten most significantly up- and down- regulated genes in both
stimulated conditions are listed in Appendix (A-6 and A-7). KEGG pathway analysis revealed
enrichment of several signalling pathways, in both experimental setups (800 ng/mL and 1200
ng/mL of CHI3L1 stimulation), where increased number of differentially regulated genes was
found to be associated metabolic pathways, ubiquitin mediated proteolysis, followed by
cellular senescence, endocytosis, etc. (Figure 53B). Surprisingly, the most prominently
different pathway, with the condition of 1200 ng/mL stimulation according to where the most

of the regulated genes fall in, is systemic lupus erythematosus (Figure 53C).

A. CHI3L1 800 ng/ml CHI3L1 1200 ng/ml
10 A
2 .
E 5 AP . 0y 00 @
o
1 0 -
he)
L Voo o o
X 5 . *
g .
-10 °
I I T T T T T T
0 5 10 15 0 5 10 15

average log,(signal)

B. C.

@ Intestinal immune network for IgA production
® AMPK signaling pathway
® Hippo signaling pathway
® Adherens junction
@ Pancreatic cancer
@ Endocrine resistance
@ Autophagy - animal
@ Parkinson disease

® IL-17 signaling pathway

@ Signaling pathways regulating pluripotency of stem cells
@® p53 signaling pathway

@ Oxidative phosphorylation

@ Non-alcoholic fatty liver disease (NAFLD)

® Ribosome

® mRNA surveillance pathway

@ TNF signaling pathway

@ Endocytosis
@ Cellular senescence
@ Ubiquitin mediated proteolysis
® Metabolic pathways

@ Arachidonic acid metabolism
@ Primary immunodeficiency
@ Vascular smooth muscle contraction
@ Alcoholism
® Transcriptional misregulation in cancer
@ Huntington disease
® MAPK signaling pathway
® cGMP-PKG signaling pathway
® Metabolism of xenobiotics by cytochrome P450
@ Olfactory transduction
® Calcium signaling pathway
@ Chemical carcinogenesis
@ Ras signaling pathway
@ Alzheimer disease

@ PI3K-Akt signaling pathway

@ Glutathione metabolism

@ Pathways in cancer

@ Nicotinate and nicotinamide metabolism

@ Metabolic pathways
@ Systemic lupus erythematosus

T
0 &) 10 15 20 0 ) 10
~logye(p-value)

15 20
~logyo(p-value)

Figure 53: Gene regulation patterns of CHI3L1 stimulated PCLS and in silico KEGG pathway
analysis. A. MDPlots to visualise the transcriptional difference between two different CHI3L1
concentrations used for PCLS stimulation, based on log, (fold change) of p values plotted against the

average logy of the expression. KEGG signalling pathways affected by: B. 800 ng/mL CHI3L1 as -logio
p-value; C. 1200 ng/mL of CHI3L1 presented as -logio p-value.
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4.8. Chapter VII: ENPP2-LPA axis expression and their biological effects on vascular
cells
4.8.1. Ectonucleotide Pyrophosphatase/Phosphodiesterase 2 (ENPP2) expression in
donors, CTEPH and IPAH patients and their basal expression in human

vascular and tumour lung cells

Similarly, as in the case of CHI3L1, in order to substantiate the results of the microarray
screening and to better understand the regulation of ENPP2 in the pathophisiology of CTEPH,
the expression pattern was evaluated in frozen lung sections subjected to laser capture

microdissection (LCM) of pulmonary vessels, followed by RNA isolation and qPCR.
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Figure 54: ENPP2 expression in pulmonary vessels of donors, CTEPH and IPAH patients. A.
mRNA expression analysis of ENPP2 evaluated by qPCR. B. Representative immunohisto-
microphotographs of human lung sections stained with ENPP2 (dark brown). Scale bar: 20pum. Data is
expressed as ACt, normalized to the donors and represented as mean+SEM (n(donor)=7;
n(CTEPH/IPAH)=6; *p<0.05, **p<0.01, ***p<0.001; ; *p<0.05, *p<0.01, ***p<0.001 versus CTEPH).

CTEPH LCM samples presented a significant upregulation of ENPP2 expression (ACt=3.37;
Tukey-HSD, p < .01), in comparison to the respective donors; while the IPAH samples were
not significantly different to the donors (ACt=1.40; Tukey-HSD, ns) in their ENPP2
expression. CTEPH and IPAH LCM samples differentiate in their ENPP2 expression (Tukey-
HSD, p < .05) (Figure 54A). The immunohistological staining showed a predominant
localization of ENPP2 in PAECs in patients with CTEPH, as well as expression in the
PASMCs, and partially in the adventitia of pulmonary vessels (Figure 54B). Expression of
ENPP2 was noticable in some [IPAH patients as well.

Next, when evaluating the basal mRNA expression, lung pericytes along with hPASMCs
showed the highest abundance of ENPP2, followed by hPAAFs (Figure 56A). In contrast to
the mRNA expression, ENPP2 protein levels were not changed when compared to the
hPMECs, or even less expressed as it is the case with hPAECs, hPASMCs and hPAAFs (Figure
55B and 55C).
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Figure 55: Evaluation of ENPP2 basal mRNA and protein expression in human vascular and
tumour lung cells. A. mRNA expression levels of ENPP2 in human PMECs, PAECs, PASMCs,
PAAFs, A549 and lung pericytes (n=3biological replicate; N=2experimental replicate); B. Representative Western blot
image of protein levels of ENPP2 in the listed cell types; C. Densitometry of protein levels of ENPP2
(n=4, lung pericytes n=3). GAPDH was used as a loading control. Data is expressed as ACt (mRNA)
or A.U. (proteins) and normalized to the expression of hPMECs.

4.8.2. ENPP2 expression in human naive (M0) and polarized (M1,M2) macrophages

To demonstrate whether the resting or activated (pro- and anti- inflammatory) macrophages

will convey differential ENPP2 expression, mRNA and protein levels were evaluated.
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Figure 56: Evaluation of ENPP2 basal mRNA and protein expression in human naive (M0) and
polarized (M1, M2) macrophages. A. mRNA expression levels of ENPP2 in human macrophages
normalized to MO (n=8); B. Representative Western blot image of protein levels of ENPP2 in the listed
groups; C. Densitometry of protein levels of ENPP2 (n=3). GAPDH was used as a loading control.
mRNA data is expressed as ACt, protein level data are expressed as percentage of control (M0). Data
are represented as mean+=SEM (*p<0.05, **p<0.01, ***p<0.001; *p<0.05, *p<0.01, ***p<0.001 M2

versus MO).
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The results of the comparison of the mRNA level between MO (resting macrophages) and M1
(pro-inflammatory) and M2 (anti- inflammatory) indicated a significant difference (F(2, 21) =
4.590, p <.05). The post-hoc tests showed that both M2 (2.46; Tukey-HSD, p < .05) and M1
(2.43; Tukey-HSD, p < .05) are exhibiting significantly upregulated ENPP2 mRNA levels
compared to M0, while the ENPP2 expression between M1 and M2 macrophages did not differ
(Tukey-HSD, ns) (Figure 56A). When comparing the protein expression of ENPP2, the results
indicate no significant difference within the resting and activated macrophages (F(2, 6) =0.527,

ns) (Figure 56B and 56C).

4.8.3. Effect of different PH-associated growth factors in the expression of CHI3L1 in

lung vascular cells

To evaluate whether different GFs can act upstream to ENPP2 expression, we stimulated
hPMECs, hPASMCs and hPAAFs with PH associated GFs that were found to be deregulated

from the microarray screening.

4.8.3.1. Effect of different growth factors on the expression of ENPP2 in human

pulmonary microvascular endothelial cells (hPMECs)

hPMECs, were stimulated with different growth factors VEGFA, IL6, ILS, IL13, IL18, CCL2,
PDGF-BB, TGF-B and TNF-a at the indicated concentrations as in Figure 57B. The results
showed a significant difference between the groups F(9, 74) = 4.814, p < .001). IL13 was
significantly inducing the ENPP2 mRNA expression (Tukey, p < .01), while TNF-a showed
tendency of induction. The rest of the GFs showed no significant difference in induction or
decrease of the ENPP2 (Figure 57A). However, ENPP2 protein levels were not significantly
regulated by any of the GF stimulations in hPMECs (F(9, 20) = 0.473, ns) (Figure 57B and
57C).
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Figure 57: Growth factors effect on the ENPP2 expression in human pulmonary microvascular
endothelial cells. A. mRNA expression levels of ENPP2 in human hPMECs normalized to controls
(n=3biological replicates; N=3experimental replicates); B. Representative Western blot image of protein levels of
ENPP2 in the respective groups with the given concentrations of each GF; C. Densitometry of protein
levels of ENPP2 (n=3). GAPDH was used as a loading control. mRNA data is expressed as ACt, protein
level data are expressed as percentage of control. Data are represented as meantSEM (*p<0.05,

*##p<0.01, ***p<0.001).

4.8.3.2. Effect of different growth factors on the expression ENPP2 in human pulmonary
artery smooth muscle cells (hPASMCs)

Similar to hPMECs, in hPASMCs, IL13 caused significant downregulation of ENPP2 mRNA
expression (Dunnett, p < .01) along with TGF-B (Dunnett, p < .05) and TNF-a (Dunnett, p <
.001). IL6, IL8, IL18 and CCL2 did not significantly influenced the ENPP2 expression (Figure
58A). However, similar to hPMECs, ENPP2 protein levels were not significantly regulated by
any of the GF stimulations in hPASMCs (F(8, 18) = 0.727, ns) (Figure 58B and 58C).
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Figure 58: Growth factors effect on the ENPP2 expression in human pulmonary artery smooth
muscle cells. A. mRNA expression levels of ENPP2 in human PASMCs normalized to controls
(n=3piological replicates; N=3experimental replicates); B. Representative Western blot image of protein levels of
ENPP2 in the respective groups with the given concentrations of each GF; C. Densitometry of protein
levels of ENPP2 (n=3). GAPDH was used as a loading control. mRNA data is expressed as ACt, protein
level data are expressed as percentage of control. Data are represented as meantSEM (*p<0.05,

**p<0.01, ***p<0.001).
4.8.3.3. Effect of different growth factors on the expression of ENPP2 in human

pulmonary artery adventitial fibroblasts

In hPAAFs stimulated with different GFs, a significant difference between the groups was
observed (F(8, 69) = 29.484, p <.001) (Figure 59A). IL6 (Dunnett, p < .05) and PDGF-BB
(Dunnett, p < .01) were significantly inducing the ENPP2 mRNA levels, while TGF-$
(Dunnett, p < .001) and TNF-a (Dunnett, p < .001) significantly reducing the mRNA levels.
The changes to IL8, IL13 and IL18 and CCL2 were not significantly different (Figure 59A).
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Figure 59: Growth factors effect on the ENPP2 expression in human pulmonary artery adventitial
fibroblasts. A. mRNA expression levels of ENPP2 in human PA AFs normalized to controls (n=3viclogical
replicates; =3 experimental replicates); B. Representative Western blot image of protein levels of ENPP2 in the
respective groups with the given concentrations of each GF; C. Densitometry of protein levels of ENPP2
(n=3). GAPDH was used as a loading control. mRNA data is expressed as ACt, protein level data are
expressed as percentage of control. Data are represented as meantSEM (*p<0.05, **p<0.01,
*#%p<0.001).

No significant changes were observed at a ENPP2 protein level when hPAAFs were stimulated

with different GFs (F(8, 18) = 0.727, ns) (Figure 59B and 59C).

4.8.4. Pharmacological effect of LPA on the proliferation and apoptosis of vascular

cells

ENPP2 plays a role in hydrolysing the lysophoshpolipids, to produce lysophosphatidic acid
(LPA), involved in wide variety of cellular processes. As the expression of ENPP2 was
increased in LCM dissected CTEPH vessels, we examined their functional role in modulation
of cell proliferation or apoptosis. Serum starved pulmonary vasular cells (hAPMECs, hPASMCs
and hPAAFs) were stimulated with LPA for 24 h at different concentrations to identify whether

LPA exerts effects on proliferationa or apoptosis in a concentration dependent manner.

hPMECs were stimulated with LPA in different concentration range (1-80 ng/mL) in presence
of 0.2% bovine serum albumin (BSA). Data revealed a strong increase in BrdU incorporation
in +BSA controls in contrast to —FCS (T(33) =-3.043, p <.01) as well as no difference between
+FCS and +BSA (T(33) = 0.835, ns). However, the further comparison of +BSA control with
the stimulated LPA groups was significant F(5, 96) = 3.945, p <.01). LPA in concentration of
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1 uM induced the hPMECs proliferation for approximately 22%, 5 uM for 27%, 10 uM for
32% and 40 uM for approximately 29%, although the post-hoc tests show no statistically

significant differences in comparison to BSA (Figure 60A).

With regard to apoptosis, LPA showed an influence at a high concentration. The results showed
a significant difference between -FCS and +BSA (T(24.988) =4.936, p <.001), as well as no
difference between +FCS and +BSA (T(29.944) = 0.203, ns) in terms of decrease in apoptosis.
The further comparison of +BSA with the stimulated groups was significant F(5, 111) =
31.130, p < .001). The results suggested that a concentration of LPA at 80 uM (182.59%;
Tukey, p <.001) significantly increased the apoptosis in hPMECs (Figure 60B).

Next, hPASMCs were stimulated with LPA in a similar manner as previously described. The
results show a significant difference between (T(24.241) = -9.923, p < .05), as well as no
difference between +FCS and +BSA (T(35) = 0.479, ns). The further comparison of +BSA
with the stimulated groups is significant F(5, 115) = 2.475, p <.05). LPA in concentration of
1-40 uM showed a tendency to increase proliferation, although the post-hoc tests show no

statistical significant differences in comparison to BSA (Figure 60C).

LPA did not directly affect the apoptosis of hPASMCs. The results show a significant
difference (T(15.140) = 9.143, p < .001) as well as a difference between +FCS and +BSA
(T(19.199) = 4.007, p < .01). The further comparison of +BSA with the other groups is
significant F(5, 102) = 3.809, p <.01). The results suggested that a concentration of LPA at 40
uM (145.80; Tukey, p <.05), significantly increased the apoptosis in hPASMCs (Figure 60D).

Finally, potential proliferation effects of LPA were evaluated on hPAAFs, after the serum
starvation of 24 hr, prior to their 24 hr stimulation. The +BSA control was significantly
different to -FCS (T(32) =-13.145, p <.001) as well as no difference was noted between +FCS
and +BSA (T(32) = -1.277, ns). The stimulation with LPA in different concentration showed
mild increase of the proliferation of approximately 6-15%, which however was not significant

in comparison to the control BSA (F(5, 87) = 0.974, ns) (Figure 60E).

The LPA induced apoptosis of hPAAFs was as well evaluated and the results showed a
significant difference between -FCS and +BSA (T(15.140) = 9.143, p < .001) as well as no
difference between +FCS and +BSA (T(38) = 1.378, ns). The further comparison of +BSA
with the other groups is significant F(5, 106) = 7.673, p <.001). The stimulation with LPA in

different concentration revealed significant increase of apoptosis in 10 uM stimulated cells
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(187.72%; Tukey, p <.001), in 40 uM (179.97%; Tukey, p <.01) and 80 uM (162.86%; Tukey,

p <.01), in comparison to the respective control (Figure 60F).
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Figure 60: LPA effect on proliferation and apoptosis of vascular cells. Effects were tested with
concentration of 1, 5, 10, 40 and 80 uM for all cell types employing BrdU incorporation assay for
proliferation and ELISA based cell death detection kit for apoptosis; A. LPA proliferation effect on
hPMECs; B. LPA apoptosis effect on hPMECs; C. LPA proliferation effect on hPASMCs; D. LPA
apoptosis effect on hPASMCs; E. LPA proliferation effect on hPAAFs; F. LPA apoptosis effect on

hPAAFs. Data (n=3piological replicates; N=Otechnical replicates) are expressed as percentage of control and
represented as meantSEM (*p<0.05, **p<0.01, ***p<0.001).

4.8.5. Effect of LPA on migration of hPASMCs and hPAAFs

To determine whether, LPA has a functional influence on motility and in a concentration

dependency, transwell migration assays have been carried out for studying the migration of
hPASMCs and hPAAFs.
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Figure 61: Effect of LPA on migration of hPASMCS and hPAAFs. Prior experiments, cells were
serum starved for 24 h, then stimulated with different concentration of LPA using Boyden chamber
assay; A. Representative microphotographs of transwell membrane of LPA induced hPASMCS
migration; B. Quantification of the migrated hPASMCs; C. Representative microphotographs of
transwell membrane of LPA induced hPAAFs migration; D. Quantification of the migrated hPAAFs;

Data (n=3biological replicates; N=3technical replicates) are expressed as percentage of control and represented as
mean+SEM (*p<0.05, **p<0.01, ***p<0.001).

hPASMCs were stimulated with LPA at concentration of 1, 5, 10, 40 and 80uM. The results
showed a significant difference between -FCS and +BSA (T(15) =-5.095, p <.001), as negative
and positive control, respectively, as well as no difference between +FCS and +BSA (T(15) =
0.555, ns) in terms of increased migration. The further comparison of +BSA with the stimulated

groups was significant F(5, 43) =5.408, p <.01). LPA significantly increased the cell migration
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at 40 pM (140.28%; Tukey-HSD, p < .05) and 80 uM (150.17%; Tukey-HSD, p <.01) (Figure
61A and 61B).

In addition, the results regarding migration LPA hPAAFs showed a significant difference
between -FCS and +BSA (T(16) =-6.191, p <.001) as control groups, as well as no difference
between +FCS and +BSA (T(16) = -0.180, ns) in terms of increase of migration. Similarly,
LPA increased the cell migration when different concentration was applied F(5, 43) = 5.408, p
<.01). The results were suggesting that LPA significantly increased the hPAAFs migration at
concentration of 1 uM (131.08%; Dunnett, p < .05), 40 uM (129.26%; Dunnett, p <.01) and
80 uM (153.37%; Dunnett, p <.05) (Figure 61C and 61D).

4.8.6. Ex-vivo effect of LPA on human precision cut lung slides (PCLS)

Further, in order to evaluate the ex-vivo effect of LPA and LPA inhibitor (PF8380) on vascular
remodelling and downstream signaling pathways, the precision cut lung sections were treated

with LPA +/- PF 8380 as described in Figure 62A.

LPA significantly increased the vascular remodelling in stimulated PCLS. The results are
compared using a one-sided ANOVA test and showed a significant difference between the
groups F(4, 15)=8.772, p <.01). The GFs stimulated samples, served as a positive control and
showed significant increase in comparison to 1% FCS treated group (Tukey-HSD, p < .01).
Stimulation of the PCLS with LPA revealed increased MWT at different concentrations, SuM
LPA (Tukey-HSD, p <.01), 10uM LPA (Tukey-HSD, p <.05) and 50uM LPA (Tukey-HSD,
p <.05) (Figure 62B and 62C). The results regarding the ratio show no significant difference
between the groups F(4, 15) = 0.495, ns) (Figure 62B and 62D).
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Figure 62: LPA ex-vivo induced vascular remodelling and effect of LPA specific inhibition. PCLS
were treated with LPA (5, 10 and 50 uM); PF 8380 was used at PCLS stimulated with 10uM A.
Schematic representation of the experimental plan and duration of the experiment; B. Representative
microphotographs of vessels stained with Elastica Van Gieson from stimulated PCLS; B. Quantification
of the medial wall thickness (MWT) in PCLS vessels shown as a percentage; C. Ratio neointima/media
assessment of LPA stimulated PCLS. n=4. Data is represented as meantSEM (n=12; *p<0.05,
*%p<().01, ***p<0.001; ; ¥p<0.05, **p<0.01, **p<0.001 versus GFs).

The inhibitor studies are compared using a one-sided ANOVA test and showed a significant
difference between the groups F(3, 12) =9.204, p < .01). As previously mentioned, the MWT
of GFs stimulated samples, served as a positive control and showed significant increase in
comparison to 1% FCS treated group (Tukey-HSD, p <.01). LPA at concentration of 10uM,
leads to significant vascular remodelling (Tukey-HSD, p < .05). The PF 8380 has a potential

123



Results

to diminish (decrease) this effect, however insignificantly (Tukey-HSD, ns). 20% FCS is
significantly different from 10uM+PF8380 (Tukey-HSD, p < .05) (Figure 62E). The results
regarding the neointima/media ratio showed no significant difference between the groups F(3,

12) = 0.818, ns) (Figure 62F).
4.8.7. The effect of ENPP2 reduction in mouse thrombosis model

To test whether ENPP2 has a causative role in the thrombus formation or resolution, a mouse
model of inferior vena cava (IVC) ligation induced thrombosis was employed, on Enpp2**
wild type (WT) and Enpp2*" heterozygous (HZ) ENPP2 mice. Ultrasound measurements were
taken on day 3, 7 and 14 post-ligation, while thrombus, organ harvest and blood cell counts

were performed on day 7 and day 14 post-ligation (Figure 63).

IVC ligation
l Ultrasound Measurements

v

g // Day 3 Day 7 Day 14

Balb/c Thrombus Harvest

ENPP2**and ENPP2 *- Lungs
Kidney

Heart
Liver

Blood cell counts

Figure 63: Schematic representation of the experimental plan of CTEPH thrombosis model.
Ligation of IVC was performed on WT and HZ mice. Experiment was performed with three different
time points, day 3, 7 and 14, thrombus measurements were taken at day 7 and 14, along with organ
harvest and blood cell count.

Thrombus area, thrombus length and thrombus volume were evaluated within 3 different time

2** and Enpp2*” regarding thrombus area over the three

points. The comparison of Enpp
measurement points revealed that Enpp2™” has significantly higher area in comparison to

Enpp2** at Day 14 (F(1, 6) = 3.869, p < .05) (Figure 64A).

Thrombus length over the three measurement points significantly dropped F(1, 6) =7.758, p <
.05), while Enpp2™* and Enpp2™" mice didn't present significant difference in the length in
any of the time points (F(1, 6) = 0.654, ns) (Figure 64B).

Similarly, the thrombus volume also significantly decreased F(1, 6) =23.336, p <.01) with HZ
and WT being significantly quadratic (not linear) different from each other over time (F(1, 6)
=17.743, p <.05) (Figure 64C).
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Figure 64: The effect of Enpp2 partial deficiency in thrombosis model of CTEPH. Measurements
were asses at three time points for both WT (Enpp2*/*) and HZ (Enpp2*~) mice. Blood cells analysis
was performed at day 7 and 14. Evaluation of the: A. Thrombus area; B. Length; C. Volume; D.
Platelets; E. Neutrophils; F. Lymphocytes. Data is represented as mean+SEM (*p<0.05, **p<0.01,
*#%p<0.001).
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In terms of platelets number, comparing the Enpp2*" and Enpp2*~ there was no significant
difference within all three time points (T(7) = -0.578, ns) (Figure 64D), while the neutrophils
number was significantly altered at day 7 in the Enpp2*" (T(7) = 2.009, p <.05) (Figure 64E).
No significant change was noticed in the number of lymphocytes within all three time points

(T(7) =-0.453, ns) (Figure 64F) .
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5. Discussion

The pathophysiological and molecular mechanisms underlying chronic vascular scaring and/or
distal vessel remodelling in CTEPH, are poorly comprehended. CTEPH as a rear, complex and
multifactorial disease is generated by wide scope of clinical factors and alterations leading to
PH and RV dysfunction (I. M. Lang et al., 2016; J. Pepke-Zaba, 2010); (Matthews & Hemnes,
2016). Importantly, this study delineates the histopathological and molecular similarities and
differences between end-stage CTEPH and the well-studied form of PAH, IPAH. In addition,
it identifies the resemblance in terms of both structural and molecular changes between patients
with proximal (major) vessel CTEPH obliterations and distal vessel arteriopathy. Importantly,
it also describes that the vascular remodelling intensity in recurrent CTEPH is independent of
the site of obstruction. Next, it gives an overview of the distal vascular remodelling of patients
who developed CTEPH due to sarcoma and further underwent for PEA surgery. Furthermore,
by employing unbiased genome-wide expression profiling based approach, we identified the
disease-specific genes and signalling pathways in end-stage CTEPH and functionally identified
the key role of 2 differentially regulated genes CHI3L1 and ENPP2 in the initiation and/or
maintenance of the vascular remodelling, both in vitro and ex vivo. Finally, we utilized the PEA
repository to morphologically and molecularly characterize the ongoing CTEPH in terms of
proximal and distal (patent or completely occluded) vascular remodelling. Taken together, this

study conveys new insights in the histopathological and molecular features of CTEPH.
5.1. CTEPH exhibits distal histopathological resemblance to IPAH

The vascular lesions elucidating PH encompass eccentric intima thickening and fibrotic,
plexiform, concentric, and dilation/angiomatoid formations, medial smooth muscle cell
hypertrophy and increased adventitial thickness due to collagen deposition (Rubin M. Tuder
2007). In CTEPH, the histopathological features of microvascular (small vessel) disease
present similarities to those seen in IPAH and Eisenmenger's syndrome (Moser 1993, Azarian

1997, Y1 et al 2000).

In our initial work, we characterized and compared the vascular remodelling in CTEPH with
IPAH, in terms of assessing the medial hypertrophy and muscularization, intimal thickening
and collagen deposition. Severe vascular wall thickening was observed in both CTEPH and
IPAH, distinguished by Weigert—van Gieson staining in all types of vessels, d=20-70 pm, 70-
150 um and >150 pum (media and the newly formed intima, in comparison to the tiny vessel

wall of the donors (Figure 7).
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The morphometric analysis confirmed the presence of medial hypertrophy in CTEPH, in all
different vessel diameters, in similar extent as in IPAH, and twice higher in comparison to the
donor controls (Figure 8A-8C). Medial hypertrophy (represented as medial wall thickness -
MWT) as a typical pathological feature of PH affects muscularized arteries (ranging between
70 and 500 pum in diameter), and precapillary vessels (below 70 um in diameter) (Rubin M.
Tuder 2007). Similarly to our findings, Moser and Bloor (Moser, Bloor, 1993) conducted
morphometry on 234 vessels (25 to 100 um in diameter) from the patients with CTEPH and
discovered that the mean muscle mass of the muscular arteries and arterioles in the autopsy
group was 41% greater than the value for the control group. Furthermore, a piglet animal model
closely resembling CTEPH features, performed by ligation of the left pulmonary artery,
followed by weekly transcatheter embolization of the right lower-lobe arteries (Mercier, 2013)
confirmed our findings. Animals of the CTEPH group showed severe hypertrophy in obstructed
and unobstructed territories, compared to the sham group. The distribution of the MWT values
for each individual patient of CTEPH was similar to IPAH, in contrast to the donor samples.
The MWT of IPAH samples were more homogenously distributed, in comparison to CTEPH,
where some patients displayed higher variability to the rest of the corresponding samples
(Figure 8D). The distribution of the individual densities of the MWT, revealed fairly Gaussian
curve resemblance for both CTEPH and IPAH samples, presenting that some samples have
bimodal distribution of the MWT values (8E). These findings suggest that, despite the unbiased
selection of the explanted CTEPH tissues, the vessels didn't show heterogeneous profile. On
contrary, the distribution of the medial hypertrophy was independent of the fact whether vessels
belong to the fully obstructed areas or those in high-share stress (or hyper-perfused), which is
supported by the animal model of Mercier et al (Mercier, 2013). Furthermore, it has been
reported that the narrowing of resistance vessels is heterogeneous. In PAH, approximately
around 30% of the vessels were affected, while 70% of vessels had diameters not different

from vessels of control subjects (Nina Rol at al 2017).

Notably, along with the media remodelling, increased intimal thickening was noticed in all
different sized vessels in CTEPH and similarly in IPAH (Figure 9A-9C). Intimal lesions are
accounted for decreasing the vessel lumen in a greatest extent, being characterized as intima
thickening, and fibrotic, plexiform, concentric, and dilation/angiomatoid lesions (Rubin M.
Tuder 2007). Eccentric intimal fibrosis and concentric laminar intimal fibroelastosis in patients
with CTEPH has been reported by Moser and Bloor (Moser, Bloor, 1993) for around 67% and

80% among the 15 cases, respectively. Along with our findings, significant intimal thickening
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of larger arteries (d=401-600 pum), as well as in the smaller arteries has been reported in
CTEPH, although in contrast to PPH they were significantly smaller (Y1 et al, 2000). The
analysis of the distribution of the values for each individual patient of CTEPH and IPAH
patients presented homogeneous distribution of the values for the ratio, in contrast to the donor
samples (Figure 9D) as well as the individual densities confirming the Gaussian distribution
suggesting that, vessels in CTEPH and IPAH patients are similarly affected by the neointima
remodelling (Figure 9E).

Extensive muscularization of the pulmonary arteries is one of the well-known feature of PH,
mainly affecting distal pulmonary arteries (d=70-500 um), and precapillary vessels (d < 70
um). Our results suggested that the small vessels with d = 20-70 um are highly muscularized
in diseased conditions, in both CTEPH and IPAH in a similar way, following a transition from
decreased percentage of non-muscularized to increased percentage of fully muscularized
vessels in CTEPH and similarly in IPAH (Figure 10A and 10C). Dorfmiiller et al., have shown
that in the previously mentioned CTEPH experimental model, animals presented severe
remodelling of septal veins within the left lung and, to a lower extent, within the right lower
lobe. Arterioles or venules (d = 50 um) showed an increased muscularization in CTEPH left
lungs and CTEPH right lower lobes, while they were attenuated in CTEPH right upper lobes
and sham animals (Dorfmiiller et al 2014). The results from the immunolocalization staining
of a-SMA and vWf{ confirmed the increased immunoreactivity to cytoplasmic a-SMA in the
medial layer, suggesting that vascular remodelling is present and prominent in both CTEPH

and IPAH, in a similar extent, with vW{ positive layer marking the lumen (Figure 10B).

An increased vascular tone is as well represented by adventitial thickening, caused by collagen
deposition. Hereby, we confirmed that CTEPH is characterized by significantly increased level
of total collagen area in comparison to donors. Interestingly, the CTEPH exhibited more
prominent collagen deposition even in comparison to IPAH (Figure 11). The limitation of this
method or the microscopic principle is that it can’t differentiate between vascular and systemic
collagen, therefore the evaluation was performed on a complete tissue, as a total collagen
measurement. The external diameter of pulmonary arteries is normally represented by
adventitia for approximately 15% of the size of the vessel, while in IPAH arteries, the
adventitial thickness increases up to 28% of artery diameter, predominantly due to collagen

deposition (Chazova et al, 1995).

Taken together, all the structural changes in both forms of PH, IPAH and CTEPH, may be

29 ¢¢ %% <¢

driven by a switch from “quiescent” towards “pro-proliferative”, “pro-migratory”, “apoptosis-
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resistant” and “pro-inflammatory” vascular cells, leading to increased PVR and ultimately to
RV failure (Gamen et al, 2016). To our knowledge, this is the first study comparing head-to-
head the vascular remodelling in CTEPH and IPAH.

5.2. CTEPH manifests significantly divergent global transcriptional regulatory

landscape in comparison to IPAH

Next, we hypothesized that the analysis of the global transcriptional regulatory landscape and
networks in CTEPH will provide us the common or unique genes or mechanisms driving small
vessel arteriopathy in CTEPH as compared to IPAH. For this purpose, we microdissected
pulmonary vessels from donors and CTEPH and IPAH patients and performed genome-wide
expression profiling using microarrays (Figure 12A and 12B). The transcriptomic analysis
revealed a significant portion of genes which were similarly regulated in both CTEPH and
IPAH (Figure 12C). Several of them are already known to be altered in IPAH, such as
NFATC2, BMPR2, VEGFA, PDGFRA etc (Figure 12D). In PAH, activation of NFAT (nuclear
factor of activated T cells), a Ca**/calcineurin-sensitive transcription factor, leads to decresed
Kv current and Kv1.5 expression and increased [Ca2+]i, [K+]i, mitochondrial potential (A¥m),
and bcl-2 levels. These findings converge an apoptosis-resistant and pro-proliferative
phenotype of PASMCs (Bonnet, 2007). BMPR2 is another gene which was downregulated in
both IPAH and CTEPH. BMPR?2 is a transmembrane serine/threonine kinase receptor as a part
of TGF-B superfamily. It is involved in several signalling pathways that regulate cellular
differentiation, proliferation and apoptosis via BMPs (Upton et all, 2013). Either loss of
function or reduction in BMPR2 expression may be sufficient to develop PAH (Upton et all,
2013) which is in line with our findings, having the BMPR2 downregulated in the laser
dissected vessels. The in-vivo experimental model of Cre-dependent BMPR-II ablation in the
endothelium (Hong et al. 2008) or targeted overexpression of a dominant negative BMPR-II in
smooth muscle cells (West et al.2005) causes spontaneous PAH in mice. VEGFA regulated by
HIF1 has been implicated in the pathogenesis of PH. El Kasmi et al. have shown that
conditioned medium (CM) from bovine fibroblasts from chronically hypoxic hypertensive
calves (PH-Fibs) also induced transcription of Vegfa in naive mouse, rat, and bovine
macrophages. Human PH-Fib CM also induced VEGFA mRNA in naive human monocytes
(Karim C. El Kasmi, 2014). Furthermore, altered PDGF signalling was shown to play an
important role in the progression of PH. A study has shown that using a potent PDGF receptor
antagonist STI571 (imatinib) reversed advanced PH in two different animal models (Ralph

Theo Schermuly, 2005).
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According to the microarray analysis, among the differentially identified genes with LogFC >
1, only a fraction of 17.65% were commonly regulated between CTEPH vs. donor and IPAH
vs. donor. With respect to CTEPH, the total number of regulated genes were 1339, among them
618 genes were upregulated, while 721 downregulated in comparison to the donor controls
(Figure 13A-13C). A study has reported gene expression profiles of ECs isolated from patients
with CTEPH and normal tissue, where they found 1614 genes significantly regulated. Among
these, 880 genes were upregulated in the CTEPH samples and 734 were downregulated (Song
Gu, 2013). The most significantly regulated genes in this study were Prostaglandin-
Endoperoxide Synthase 2 (PTGS2), T-Box 15 (TBX15), Flavin Containing Dimethylaniline
Monoxygenase 3 (FMO3), Leucine Rich Repeat Containing 32 (LRRC32), UBA Like Domain
Containing 2 (FAM100B). In our experimental setup, PTGS2 was significantly upregulated as
well, while TBX15 was mildly upregulated, FMO3 was not regulated, while LRRC32 was
downregulated, the results to FAM100B were not applicable. Chordin Like 1 (CHRDLI1),
FRAS1 Related Extracellular Matrix 1 (FREMI1), Basonuclin 2 (BNC2), Acyl-CoA
Dehydrogenase Long Chain (ACADL), Unc-13 Homolog C (UNC13C) were shown to be
downregulated in the same study, while in our data CHRDL1 was the only gene to be
downregulated, while the rest were not regulated or slightly upregulated. On one hand, these
differences in the gene expression profiles suggest that using more complex system, such as
microdissected vasculature, can enrich the gene expression analysis in contrast to purely
isolated ECs. On the other hand, our experimental setup employs end-stage lung tissues, while

ECs in the study listed above were isolated from PEA material, meaning, an on-going disease.

Among the gene selection of LogFC > 1, one of the commonly regulated genes in both, CTEPH
vs. donor and IPAH vs. donor was NFATC2. As presented in the Volcano plots (Figure 13D)
and in Table 19, CHI3L1 came as a gene which is upregulated in CTEPH, while down regulated
in [IPAH. Several other genes were regulated in opposite direction in CTEPH and IPAH, both
in contrast to the donor. Chitinase-3-like-1 (CHI3L1) also known as YKL-40 (cartilage-
glycoprotein 39) is a 40-kDa secreted heparin-, chitin- and collagen-binding lectin (Fusetti,
Pijning, Kalk, Bos, & Dijkstra, 2003). CHI3L1 is secreted by broad spectrum of cells, such as
neutrophils, macrophages, synovial cells, fibroblasts, connective tissue cells, ECs, SMCs,
epithelial cells and tumour cells (Di Rosa, Malaguarnera, De Gregorio, Drago, &
Malaguarnera, 2013). The physiological and biological functions of CHI3L1 are not delineated
in detail (Kawada, Hachiya, Arihiro, & Muizoguchi, 2007). It is suggested that it affects the

proliferation and differentiation of connective tissue cells (De Ceuninck et al., 2001; Recklies,
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White, & Ling, 2002), inflammation and matrix remodelling (Di Rosa et al., 2013), activation
of vascular endothelial cells (Malinda, Ponce, Kleinmann, Shackelton, & Millis, 1999) and
angiogenesis (Francescone et al., 2011). Studies are showing that CHI3L1 expression is
enhanced in patients with different lung diseases, such as idiopathic pulmonary fibrosis (IPF)
for example the plasma levels of CHI3L1 in IPF patients correlate with the disease progression
(Zhou et al., 2014). Increased CHI3L1 is associated with asthma and chronic obstructive
pulmonary disease, suggesting its potential as a biomarker of underlying chronic inflammatory

disease processes (Chupp et al., 2007; James et al., 2016).

Furthermore, one of the selected genes, ENPP2, showed a significant upregulation in CTEPH,
while no change was detected in IPAH (Figure 13D). The physiological function of ENPP2 is
to produce LPA, a lipid mediator (Kondo et al., 2014), involved in wide variety of processes
such as cell migration, neurogenesis, angiogenesis, smooth-muscle contractions, platelet
aggregation, and wound healing (Moolenaar et al., 2004). LPA may as well modulate
endothelial cell function and endothelial permeability (Ishii et al., 2004; Moolenaar et al., 2004;
Sarker et al., 2010). It has been postulated that LPA promotes fibroblast and monocyte
differentiation into myofibroblast and fibrocyte, respectively (Shao et al., 2008; Tang et al.,
2014).

Several similarly and differentially regulated signalling pathways were enriched in both
CTEPH and IPAH. Interestingly, the most prominently regulated pathways in CTEPH and in
contrast to IPAH were alcoholism, systemic lupus erythematosus and viral carcinogenesis
(Figure 14A and 14B). The KEGG pathways analysis is based on the number of regulated
genes falling into a particular set, and in this case most of them related to alcoholism, came to
be significantly regulated in CTEPH. In contrast, the previously published data obtained from
microarray of endothelial cells isolated from 5 CTEPH patients (Song Gu, 2013), suggested
that cytokine-cytokine receptor interaction, Leishmaniasis, cell adhesion molecules (CAMs),
Chagas disease and T cell receptor signalling pathway were among the most significantly
upregulated pathways. The same study revealed that Focal adhesion, Neuroactive ligand-
receptor interaction, Arrhythmogenic RV cardiomyopathy (ARVC), Calcium signalling
pathway and Wnt signalling pathway were pathways associated with significantly

downregulated genes.

With regard to the IPAH, signalling pathways related to lysosome and oxidative were among
the most significantly regulated pathways (Figure 14A and 14B). As observed from Figure
15C, the majority of the genes determined by LogFC >1 fall into metabolic pathways were
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upregulated in IPAH (Figure 14D). In IPAH, most of the genes supporting the lysosomal
processes are upregulated, along with all upregulated genes in oxidative phosphorylation
Figure (Figure 14D). Regulation of genes involved in metabolic pathways seems to be a
common feature of CTEPH and IPAH. However, in contrast to [IPAH, most of the differentially

regulated metabolic genes in CTEPH were downregulated (14E).

To our knowledge, this is a first study to comprehensively evaluate the pathophysiological and
molecular aspects of end-stage CTEPH and compare it with the well-studied form of PH,
IPAH. Further studies are needed to understand how PH initiating factors, such as high share
stress, hypoxia and/or inflammatory molecules trigger the underlying pathological phenotype

and particular molecular mechanisms.
5.3. Central CTEPH manifest similar histopathological changes as peripheral CTEPH

As the initial screening of CTEPH explanted lung samples confirmed a nearly similar
distribution of the vascular remodelling, despite the expected heterogeneity, we aimed to more
specifically characterize the vascular lesions underlying patients with central (proximal,
operable) and peripheral (distal, non-operable) course of CTEPH. Notably, we identified severe
vascular wall thickening in both central and peripheral CTEPH in all different vessel sizes

(Figure 15).

The morphometric analysis confirmed the presence of medial hypertrophy in both central
(proximal) and peripheral (distal) CTEPH, with a similar tendency in all vessel sizes (Figure
16A-16C). Surprisingly, the central and the peripheral CTEPH showed similar levels of
vascular remodelling and vasculopathy, despite the conflicting arguments in the scientific
society. In these terms, we sought that the proximal occlusion in CTEPH will affect the distal
vasculature in a similar manner, likewise the distal, non-surgically assessable obliterations both
leading to microvascular disease. Apart of the present occlusions, many other factors can affect
the occurrence of inflicted microvasculature, such as chronic hypoxia, high share-stress,
circulating factors, endothelial dysfunction etc. Our findings are similar to those of Moser and
Bloor (Moser, Bloor, 1993) reported before, whereas the morphometric analysis of vessels with
d=25-100 um revealed increased vessel wall for the CTEPH samples in contrast to the control
group. Aligned with that, the piglet CTEPH animal supported our findings to present severe
hypertrophy in obstructed and unobstructed territories, compared to the sham group. (Mercier,
2013). The distribution of the MWT values in central or peripheral CTEPH was similar, despite
the heterogeneity of the MWT values in central CTEPH (Figure 16D). The individual densities
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of the MWT, showed Gaussian distribution for peripheral CTEPH and partially bimodal
distribution for central CTEPH (16E). These findings suggest that, despite the proximity of the
disease to the obstruction site or presence of distal disease, the vascular remodelling intensity

showed similar tendency.

Next, we assessed the neointima/media ratio in central and peripheral CTEPH and compared
to the respective donors. As expected along with the media remodelling, increased intimal
thickening was noticed in all different sized vessels in central and peripheral CTEPH (Figure
17A-17C). As described before, Yi et al. were in charge of the discovery that a significant
intimal thickening of larger arteries (d=401-600 pm), as well as smaller arteries prevailed in
patients with CTEPH (Y1 et al, 2000). Surprisingly, a significant difference between the central
and peripheral CTEPH in terms of neointima deposition was observed. This can be explained
by the fact that the peripheral lesions in CTEPH patients are inaccessible for PEA and remain
unaffected. The distribution of the neointima/media ratio values for each individual patient of
central and peripheral CTEPH, revealed indistinguishable and homogeneous distribution in
comparison to the donors (Figure 17D). The distribution of the individual densities of the ratio
resembled Gaussian distribution, suggesting that the neointima deposition is affected similarly,

independently of the site of the disease (Figure 17E).

Adventitial thickening, caused by collagen deposition was one of the features of both central
and peripheral CTEPH. As presented in Figure 18 A and 18B, increased collagen total area was
prominently noticed in central CTEPH, in contrast to the peripheral CTEPH. The organized
thrombi in central CTEPH predisposes for fibrous plaques with angiogenesis and athero-
sclerotic plaques (Arbustini et al., 2002). The intimal layer mainly displayed collagen and
elastic fibres deposition and presence of a-SMA positive cells (A. L. Firth, Yao, et al., 2010;
Owens et al., 2004), which may explain enhanced collagen deposition in the central CTEPH.

5.4. Genome wide expression profiling of central CTEPH manifests similar and unique

global transcriptional regulatory landscape compared to peripheral CTEPH

Based on the histological findings, we postulated that the analysis of the global transcriptional
regulatory landscape and networks will provide us knowledge on molecular mechanisms
driving small vessel arteriopathy in central and peripheral CTEPH. To address, we
microdissected pulmonary vessels from donors and central and peripheral CTEPH and
performed genome-wide expression profiling using microarrays (Figure 19A). The mdplots

showed that peripheral CTEPH encounters higher enrichment of regulated genes, while the
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comparison between peripheral and central revealed diminished gene enrichment (Figure 19B).
Interestingly, as presented by the heatmap displaying hierarchical clustering of the top 50
(selected by F-value) (Figure 19C), we encountered quite similar gene expression profiles for
central and peripheral CTEPH. The result might exemplify the outcome that molecular
mechanisms in both central and peripheral CTEPH might not be as different as expected. To
that extent, among the all protein-coding genes with LogFC > 1 differential expression, only
43.02% of the genes were commonly regulated in central CTEPH in comparison to peripheral
CTEPH (Figure 20A). Among the gene selection of LogFC > 1, the genes of previous interest,
CHI3L1 and ENPP2 came to be among the significantly and commonly regulated genes in a
similar direction in both, central and peripheral CTEPH (Figure 20D). In comparison to the
previously reported study (Song Gu, 2013), in our experimental setup PTGS2 and TBX15 were
highly upregulated in both, whereas FMO3 was upregulated only in peripheral CTEPH.
However, the downregulated genes identified in the study by Song et al. such as CHRDLI,
FREM, BNC2 ACADL were upregulated in our study, while UNCI3C was slightly
downregulated suggesting differences between two studies which could be explained by the

nature of peripheral CTEPH samples.

Interestingly, four genes were regulated in opposite direction in central and peripheral CTEPH.
MCEMPI1, CKSIB, PRPF6 and HOXC6 were upregulated in central CTEPH, while
downregulated in peripheral CTEPH. Similarly, the genes of interest CHI3L1 and ENPP2 were
among the commonly regulated genes between central and peripheral CTEPH. On the other
hand, MCEMP1, CKSIB, PRPF6, HOXC6 were downregulated in peripheral CTEPH
compared to central CTEPH (Figure 21A and 21B). MCEMPI has been identified as a novel
transmembrane protein of human lung mast cells (Kang Li, 2005). It is speculated to be
involved in regulating mast cell differentiation or immune responses. Increased expression of
CKSIB is known to be associated with lymph node metastasis and poor prognosis in
nasopharyngeal carcinoma (Lina Xu, 2017). Single nucleotide polymorphisms (SNPs) are the
most common genetic variants in the human genome and have been shown to be associated
with risk of human diseases, including cancers. The six novel SNPs in PRPF6 are associated
with PRPF6 mRNA expression in lymphoblastoid cells (Yongchu Pan, 2016 or 17). HOXC6
has been implicated in gastric and colorectal cancer (Meiling Ji, 2016, Q. ZHANG, 2013).
Within the central CTEPH or the proximal occlusion, the gene expression profiles of the
organized white human PEA thrombi, manifest decreased expression of several vascular

specific genes such as KDR, vascular endothelial cadherin (VE-catherin) and podoplanin
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(PDPN), as well as angiopoetin 2 (ANGPT2), platelet endothelial cell adhesion molecule
(PECAM 1), VEGFA etc. (Alias et al., 2014). Inflammatory markers, such as C-reactive
protein (CRP) (R. Quarck et al., 2009), tumour necrosis factor alpha (TNF-a) (Langer et al.,
2004) and monocyte chemoattractant protein-1 (MCP-1) (Kimura et al., 2001) are elevated in
plasma and proximal thrombi of CTEPH patients, in correlation with the patient hemodynamic
parameters. A study has reported that CRP induced NF-«xB activation may be involved in the
pathogenesis of CTEPH (Wynants et al., 2013).

Various comparable and distinct signalling pathways were enriched in both central and
peripheral CTEPH. Interestingly, the most prominently regulated pathways in both central and
peripheral CTEPH were metabolic pathways, pathways in cancer and PI3K-Akt signalling
pathway, defined by number of differentially regulated genes in a specific pathway (Figure
22A and 22B). PI3K pathway for example, is one of the pathways activated in response to
hypoxia, thus contributing to development of PAH (Xiao-Dong Xia, 2016). When potent
inhibitors of PI3K/Akt, wortmannin and B-aminopropionitrile (3-APN), are used in rat model
of hypoxia-induced PAH, the cross-linking of collagen (one of the PAH features) was
significantly reversed. Few interesting pathways that predominantly take place in the peripheral
part were systemic lupus erythematosus, alcoholism and vascular smooth muscle contraction.
Regarding alcoholism, the KEGG pathway database (https://www.genome.jp/kegg-
bin/show_pathway?hsadd05034) suggest that one of the primary mediators are dopaminergic
ventral tegmental area (VTA) projections to the nucleus accumbens (NAc) have been
identified. Depending on whether the exposure to alcohol is acute or chronic, different
signalling pathways are further activated. Acute exposure affects dopamine release into the
NAc, which activates D1 receptors, stimulating PKA signalling and subsequent CREB-
mediated gene expression, while chronic alcohol exposure leads to an adaptive downregulation
of this pathway, in particular of CREB function. Whether some of the medication that CTEPH
patients take in the time-course of the disease before transplantation affects the dopamine

release and consequently affecting the above listed signalling pathways, is not really known.

To our knowledge this is the first study differentiating between central and peripheral CTEPH
in terms of histopathological characterization and molecular profiling. Further research is

needed to delineate the reasoning behind the prevalence of one or the other condition.
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5.5. Distal vessel remodelling in CTEPH is evenly distributed and independent on the

disease site

In order to systematically assess the vascular changes of the macro- and micro- vasculature, an
ex-vivo ink-injection was performed by cannulating the central pulmonary arteries and
injecting the ink into the periphery of a case study patients with central and recurrent CTEPH
(Figure 23). The areas of interest were those proximal to, thromboembolism and distal to
thromboembolism. The pre-thrombus area (proximal to thromboembolism) was affected by
extensive remodelling presented by concentric intimal lesions and medial hypertrophy (Figure
24C and 24F). The area of the central thromboembolism was fairly overwhelmed by intimal
fibrosis and recanalization (Figure 24G-241). Similarly, the distal to thromboembolism regions
revealed existence of concentric, highly remodelled vascular lesions, characterized by intimal
and medial thickening and extensive matrix deposition (Figure 24J-240, 25). In corroboration
of these findings, the study of Dorfmiiller et al (Dorfmiiller, 2014), with blue (bronchial
systemic vessels) and green (pulmonary vessels) ink-injected patient from ineffective PEA,
revealed an eccentric muscular fibrosis in the peripheral pulmonary arteries and recanalization,
whereas both inks we mixed. These results suggested the direct connection between the
bronchial and pulmonary veins within the lobar septa. Interestingly, the same study examined
eight CTEPH (ineffective PEA and inaccessible by PEA) patients and reported organized
thrombotic lesions, known as colander-like lesions, intimal fibrosis of small pre-septal venules,
as well as interstitial remodelling. These characteristic features were observed as well in the

Giessen and Paris cohort, so as in the case study.

Importantly, pre-, thrombus, and post-thrombus areas presented with severe vascular
remodelling in terms of increased medial wall thickness in comparison to the baseline (26A).
Next, the distribution of the MWT values for each individual site was similar for all the vessels,
independently of the area they were taken from (Figure 26B). Interestingly, the distribution of
the individual densities of the MWT, showed bimodal Gaussian curve for the pre-, post- and
the thrombus part itself (Figure 26C) suggesting that in this particular patient some of the
vessels were extremely remodelled, while some were having normal values of MWT, although
the mean of the twice higher than the baseline. In accordance with our results, it has been
reported that the narrowing of resistance vessels is heterogeneous. In PAH, approximately
around 30% of the vessels were affected, while 70% of vessels had diameters not different

from vessels of control subjects (Nina Rol at al 2017).
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The neointima formation was again confirmed by the neointima/media ratio for the pre-,
thrombus and the post-thrombus for all sizes of the vessels. In the pre-thrombus part, 20-70 um
vessels were by value close to baseline, while the 70-150 um and > 150 um vessels, the ratio
was twice to three times increased, respectively (Figure 27A). Similarly, the pre-, thrombus-
and the post-thrombus presented homogeneous distribution of the values of the
neointima/media ratio (Figure 27B) and the distribution of the individual densities of the ratio
resembled Gaussian curve for all CTEPH sites (27C). These results suggest that the neointima
is uniformly formed independently on the disease site. As expected, the total collagen area (%)
was increased in the pre-, thrombus and post-thrombus is a similar manner, suggesting a
random distribution of the collagen, independently of the area affected by the disease (Figure

28).

5.6. Different lung lobes from patients with CTEPH dispense a uniform distribution of

distal vessel remodelling

As presented in Figure 29 and 30A-30C, severe medial hypertrophy was observed in both
central and peripheral lobes of central CTEPH patients and it was characteristic for all sizes of
the vessels. The distribution of the MWT values within the central or the peripheral CTEPH
lobes was similar, and different from the donor (Figure 30D). The individual densities of the
MWT, showed Gaussian distribution for both central and peripheral CTEPH lobes (Figure
30E). The neointima/media ratio positively correlated with the growth of MWT. All sizes of
the vessels 20-70 um, 70-150 um and >150 um displayed increased ratio in both central and
peripheral lobes (Figure 31A-31C). Neointima/media ratios were evenly distributed within the
central or the peripheral CTEPH lobes, and different from the donor (Figure 31D). The
individual densities of the ratio, showed Gaussian distribution for both central and peripheral
CTEPH lobes (Figure 31E). Collagen deposition was evaluated as before, and the outcome was
similar. Central CTEPH lobes were exhibiting significantly higher values of total collagen area,

along with the peripheral lobes (Figure 32).

These findings suggest that, despite the proximity of the disease to the obstruction site or
presence of distal disease as a secondary outcome, the vascular remodelling intensity showed

similar tendency.

138



Discussion

5.7. Sarcoma-CTEPH patients present comprehensive vascular remodelling, similar to

end-stage CTEPH patients

Pulmonary sarcoma is an extremely rare neoplasm affecting the pulmonary arteries,
characterized by tumour cells that undergo endothelial, fibroblastic, or myofibroblastic
differentiation (Daniel T. Matthews, Anna R. Hemnes 2016). A study has reported only 2 cases
of pulmonary artery sarcoma in a series of 200 consecutive PEAs highlighting that sarcoma
can actually mimic CTEPH (Bernard 2006). In corroboration, evaluation of the MWT revealed
extensive vascular remodelling in sarcoma-CTEPH patients, in a similar extent as all CTEPH
patients listed above (Figure 33 and 34A-34C). In contrast to the donors, the distribution of the
MWT values within the sarcoma patients was higher (Figure 34D), while individual densities
of the MWT, showed a significant shift in the distribution of the values, according to the
Gaussian curve and in comparison, to the donors (Figure 34E). Likewise, the neointina/media
ratio presented significant increase in sarcoma-CTEPH for all vessel sizes (Figure 35A-35C).
The neointima/media values in the sarcoma patients were higher than the donors (Figure 35D)
and the individual densities of the MWT, showed a Gaussian distribution in comparison to the
donors (Figure 35E). The evaluation the collagen deposition confirmed the significant increase

in total collagen area in sarcoma CTEPH (Figure 36A and 36B).

These results are suggesting that indeed, patients with sarcoma exhibit PH histopathological

phenotype, more specifically close to those purely diagnosed with CTEPH.
5.8. PEA biorepository presents with tissue repair phenotype

In operable CTEPH, the organized thrombi affecting the proximal and segmental to
subsegmental arteries, known as neointima is tightly adhered to the medial layer of the
pulmonary arteries, which may completely obstruct the lumen of the artery (I. Lang, 2015). As
a consequence, the intimal surface roughens and in order to restore the blood circulation and
potentially decrease the PVR, recanalization (bands and webs) takes place (P. F. Fedullo et al.,
2001). The lesions of CTEPH patients were described as: neointima, thrombotic,
atherosclerotic and recanalized lesions. Regarding the composition of infiltrated cells in the
organized thrombi, several studies confirmed presence and similar distribution of
macrophages, T- and B- lymphocytes and neutrophils (Arbustini et al., 2002; Bernard & Yi,
2007; Rozenn Quarck et al., 2015). We have found that, the recanalization quite often takes
place in the distal (or segmental to subsegmental) vascular tissue (Figure 38A and 38B), most

likely due to hypoxia or high-share stress or circulating progenitor cells (Firth, A. L., 2010).
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The recanalization is regulated by both pro- and anti- angiogenic factors (Ribatti, 2009).
However, a mixed findings were reported in the literature. Zabini et al. (2012) reported that
several angiostatic factors, such as collagen type I, PF4 and IP-10 are present in PEA material
(Zabini et al., 2012). On the other hand, Naito et al. (2018) have been able to demonstrate that
ECs isolated from PEA express not only high proliferative potential, but they have extensive
angiogenic capacity, confirmed by greater degree of tube formation of these cells (Naito et al.

2018).

As the extracted neointima layer contains collagen and elastic fibres, as well as presence of a-
SMA positive cells, (Owens, Kumar, & Wamhoff, 2004), we characterized the collagen
deposition, according to the solubility in acid and pepsin. As appreciated from Figure 39C, the
levels of soluble collagen are decreased in proximal fibrous tissue in comparison to the
respective control, whereas levels of insoluble collagen are increased in distal completely
occluded tissue (Figure 39D). The increased levels of insoluble collagen in distal occluded
tissues suggest a newly formed collagen fibres which is observed during periods of rapid

growth, development, tissue repair, remodelling and wound healing (Christine Theoret, 2016).
5.8.1. Several transcription factors are regulated in proximal and distal PEA

The global transcriptome of both proximal and distal PEA material brought insights into several
deregulated and important TFs, including FoxO1 and 3, KLF2 and GATAG6. Further on, we
confirmed the results from the screening by real-time PCR. Growing evidence indicates that
TFs have been implicated in the pathogenesis of PH and RV dysfunction (Pullamsetti et al.,
2017).

In our study, FOXO1 was upregulated in both proximal and distal fibrous tissue, while FOXO3
only from distal perspective (Figure 40A-40C), emphasizing their involvement in the
hyperproliferative and apoptosis-resistant phenotype of PASMCs, one of the hallmark of PAH
(Savai et al. 2014). FOXOs control various cellular responses (Eijkelenboom & Burgering,
2013) and have been implicated in vascular structural maintenance (Mahajan et al., 2012;
Oellerich & Potente, 2012). In general, FoxO1 and FoxO3 play a role in angiogenesis as well
as in vascular remodelling (Potente et al., 2005). In addition, we identified significant
downregulation of KLF2 in distal completely occluded tissue (Figure 40D), suggesting the
influence of shear stress on KLF2 expression. Previous studies have reported that KLF2 is

exclusively expressed in ECs and upregulated upon exposure to sustained shear stress (Dekker
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et al., 2002). Further, shear stress induced KLF2 is shown to directly affect the eNOS levels,

as an essential regulator of vascular reactivity and tone (Huang et al., 1995).

GATA-6 is a transcription factor which is highly expressed in quiescent vasculature,
particularly in vascular SMCs, maintaining their contractile phenotype and lost upon vascular
injury (Mano et al., 2015; Nishida et al., 2002). In our experimental setup, we observed
significant increase of GATA6 in the distal completely occluded tissue (Figure 40E),
suggesting that it may play a role in the pathogenesis of PH by regulating ET-1, plasminogen
activator inhibitor-1 (PAI-1), matrix metallopeptidase 1 (MMP1), matrix metallopeptidase 10
(MMP10) etc (Ghatnekar et al., 2013).

To date, this is the first study that evaluated the transcriptional profile (coding and non-coding
RNAs) of central and distal (segmental and subsegmental) vascular fibrous tissue from PEA.
Previously, a study has shown differential expression of 185 IncRNAs in CTEPH proximal
tissues compared with healthy control tissues and 464 regulated enhancer-like IncRNAs and

overlapping, antisense or nearby mRNA pairs (Gu, 2014).

5.9. CHI3L1 is expressed in end-stage CTEPH and regulates vast varieties of cellular

processes

CHI3L1 is enzymatically inactive molecule, secreted by endothelial cells, vascular smooth
muscle cells macrophages, neutrophils, synovial cells, fibroblasts, connective tissue cells,
epithelial cells and tumour cells (Di Rosa et al., 2013). CHI3L1 plays a protective role by
enhancing inflammation and cell death, while in repair it plays a pro-fibrotic role by
contributing to fibroblast proliferation and matrix deposition (Zhou et al., 2014). Increased
CHI3L1 is associated with asthma and chronic obstructive pulmonary disease, suggesting its

role in chronic inflammatory disease processes (Chupp et al., 2007; James et al., 2016).

As our results present, CHI3L1 has been upregulated in laser microdissected vessels from
CTEPH (Figure 13D and 41A), and predominantly localized within PAECs and macrophages
in patients with CTEPH, as well as in the media (PASMCs), and partially in the adventitia
(PAAFs) of pulmonary vessels (Figure 41B). In addition, at basal level, among all the screened
cell types, lung pericytes presented with highest expression of CHI3L1 at mRNA level,
followed by PASMCs and PAAFs (Figure 42A), while CHI3L1 protein levels are highest in
A549 tumour cells (Figure 42B and 42C). Indeed, increased levels of CHI3L1 was reported in
lung cancer cells, in the lung tumour tissue and blood of patients with lung cancer (Bing Ma,

2015 or 2016).
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Macrophages play a role in initiation, regulation and resolution of innate immune responses
(D1 Rosa 2012). On one hand, macrophages can be classically activated (M 1), in the presence
of interferon (IFN)-y and lipopolysaccharide (LPS). On the other hand, when stimulated with
IL-4 and IL-13, macrophages can undergo alternative activation towards an M2 phenotype
(M2) (Di Rosa 2012). Since macrophages were shown increased immunoreactivity of CHI3L1
in CTEPH lungs, we examined the mRNA and protein levels of naive and M1 and M2
macrophages. Similar to the published literature (Di Rosa, 2012), we found that M2
macrophages showed decreased CHI3L1 mRNA and protein expression in comparison to M1

macrophages (Figure 43A-43C).
5.9.1. Pro-PH factors drive a deregulation of CHI3L1 expression in vascular cells

Different pro-PH growth factors such as VEGFA, IL6, IL8, IL13, IL18, CCL2, PDGF-BB,
TGF-B and TNF-o were shown to affect the vascular cellular proliferation, differentiation and
migration (Schermuly, 2005; M Kathryn Steiner, 2009, Sung-Hyun Park 2014, Brian B.
Graham, 2013). Our results suggested that among these, IL6 and TNF-a can induce the mRNA
expression of CHI3L1 in PMECs, while IL13 and PDGF-BB downregulated CHI3L1 in
hPASMC:s. Similarly, TNF-a increased the CHI3IL1 mRNA levels in hPASMCs, yet in PAAFs
it caused mRNA downregulation. Protein levels of CHI3L1 were not affected in all the cells

types, implying that the 24 h time point was inefficient for protein synthesis and secretion

(Figure 44-46).

5.9.2. CHI3L1 exhibits pro-proliferative, anti-apoptotic, pro-migratory and pro-

contractile effects on vascular cells

The biological function of CHI3L1 is not completely delineated, although is speculated that it
affects the proliferation and differentiation of connective tissue cells (De Ceuninck et al., 2001;
Recklies et al., 2002), inflammation and matrix remodelling (Di Rosa et al., 2013), activation
of vascular endothelial cells (Malinda et al., 1999) and angiogenesis (Francescone et al., 2011).
In response to injury, CHI3L1 can be secreted from the differentiated macrophages and
activated endothelial cells, further inducing proliferation and migration of SMCs (Nakashima,

Raines, Plump, Breslow, & Ross, 1998).

Significant proliferation was noticed when hPASMCs were stimulated with 200 ng/mL
recombinant CHI3L1 (Figure 47C), while hPMECs showed tendency to increased proliferation
in response to CHI3L1 stimulation (Figure 47A). hPAAFs have shown no response to

proliferation (Figure 47E). Likewise, a study implied a modest effect on proliferation of
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PMECs (~25% increase in cell proliferation) and that proliferation was not significantly altered
by the introduction of YKL-40 (CHI3L1) in colon cancer cells (Rong Shao, 2009). On contrary,
proliferation of CHI3L1 overexpression hepatocellular carcinoma cell line was significantly

increase than in control cells at 96 hours after seeding (Qing-Chong Qiu, 2018).

Significant decrease in apoptosis or more specifically inhibition of apoptosis was demonstrated
in the case of hPAAFs, when different concentrations of recombinant CHI3L1 were used (200-
600 ng/mL) (Figure 47B, 47D, 47F). In line with our findings, Sohn et al. have demonstrated
that in an animal model on hyperoxia-induced acute lung injury, CHI3L1 protects against

hyperoxia-induced oxidant injury, DNA injury and cell death (Sohn et al, 2010).

One of the suggested biological functions of CHI3L1 is inducing migration of different
vascular and tumour cells (Nakashima et al., 1998). We also found that hPASMCs and hPAAFs
(Figure 48), stimulated with recombinant CHI3L1 in two different concentrations can persuade
migration of the listed cells. Interestingly, this effect wasn't obtained by concentration
dependency, rather the uptake of the cells was saturated after using already higher
concentration of CHI3L1. Effect of migration on hPMECs was tested as well, although
unsuccessfully, probably due to the cell morphology and sensitivity (data not shown).

CHI3L1 is overexpressed in human glioblastoma samples compared to normal issue. It has
been proven that CHI3L1 affects glioma cell invasion through regulation of MMP-2
expression, adhesion to ECM, cytoskeleton rearrangement and contractility (Qu et al 2011).
These findings set us a basis to explore the contractility potential of hPASMCs in stimulation
of different doses of CHI3L1. Interestingly, the effect was not concentration dependent, most

likely due to decreased sensitivity of the cells to higher concentration of CHI3L1 (Figure 49).
5.9.3. CHI3L1 induces VEGFA expression and activates VEGF signalling via FAK

A significant amount of angiogenic factors are secreted in a tumour microenvironment, further
activating vascular endothelial cells towards angiogenic responses (Douglas Hanahan and
Robert A. Weinber, 2011). However, it’s not clear whether VEGF and CHI3L1 act dependently
or independently in terms of increased angiogenesis. A study has reported that, U87 brain
tumour cells express high levels of CHI3L1 and VEGF (Francescone et al., 2011). When YKL-
40 expression was inhibited, a reduction of VEGF was observed, suggesting the regulatory role
of CHI3LI1 in the VEGF production. Similarly, in order to delineate the role of VEGF in
CHI3L1 expression, a neutralizing anti-VEGF antibody was used for 24 h, showing no effect
on CHI3LI1 production. Surprisingly, inhibition of VEGF for 1 week induced expression of
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CHI3L1 (Saidi et al., 2008). VEGFA binds to and activates VEGFR-1 and VEGFR-2. VEGFR-
1 has a high affinity for VEGFA, which is one order higher than that of VEGFR-2, whereas its
tyrosine kinase activity is approximately 10-fold weaker than that of VEGFR-2, therefore their
signalling cascade is not fully understood (Masabumi Shibuya, 2011). The signalling activation
encounters FAK to transmit the downstream effectors (Hood JD et al 2003).

In this study, we observed VEGFR2 mediated activation of VEGF signalling in response to
CHI3L1 stimulation, supported by phosphorylation of FAK Y®¢! which has been shown to
moderate angiogenic responses (R Shao, 2009). We tested the affect in “chronic conditions” of
24 h stimulation, on contrary to the already published literature, however, the effect was similar
(Figure 51). VEGFRI1 after binding to VEGF, activates autophosphorylation of specific
tyrosine residues, followed by binding and activation of Src family (Francescone et al., 2011).
We didn't observe any changes in the VEGFR1 expression, which probably affected the
activation of the SRC family. However, we have shown that the CHI3L1-VEGFA-VEGFR2

can cause angiogenesis via activation of pFAK Y®®!in chronic exposure conditions (Figure 50).
5.9.4. Vessel number is increased in end-stage CTEPH in contrast to donors

Increased antigenic potential, has been evaluated by our microarray data and our microscopic
observation of CTEPH lungs samples. Although there has been controversy on the topic, the
common knowledge is that in PAH, inward remodelling, loss of precapillary vessels (pruning)
and impaired vascular regeneration contribute to the severe reduction of pulmonary vascular
bed (Seeger, Pullamsetti, 2013). However, significant evidence is suggesting that angiogenesis
per se takes place in CTEPH, affecting the vasa vasorum and causing broncho-pulmonary shunt
(Dorfmuller 2014). A patient with Behget disease, diagnosed with acute massive PE, after 16
months, presented chronic PE with hypertrophy of right bronchial artery, which connects with

vasa vasora to supply distal pulmonary arteries (Hsin-Yu Tsai, 2011).

Here, we evaluated the total (micro) vessel density as a number of Von Willebrand factor
(vWi), CD31- and CD34- positive vessels in the tissue section divided by the total area and as
anticipated we observed increase number within all markers used to evaluate positive staining

(Figure 51).

5.9.5. CHI3L1 drives vascular remodelling in living human precision cut lung sections

Lack of proper animal model of CTEPH and an increasing trend of using an organ culture to
functionally evaluate the ex-vivo effects, encouraged us to test whether the pure, recombinant

CHI3L1 will affect directly the remodelling of the pulmonary vessel in a living human
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precision cut lung sections (Figure 52). Surprisingly, different concentrations of CHI3L1
induced similar effect of increased MWT, suggesting that in ex-vivo chronic conditions,
CHI3L1 on its own can cause mild proliferation, extensive migration and contraction of

vascular cells, contributing to vascular remodelling.

The microarray analysis revealed a transcriptional difference between the two simulated
conditions of 800 ng/mL and 1200 ng/mL (Figure 53). The most up- or down- regulated genes
belonged to the metabolic pathways, as KEGG pathway analysis indeed revealed an enrichment
of these pathways in both of the stimulated conditions. In accordance, the binding of
carbohydrates by CHI3L1 provide a link to glycomics (Coffman, 2008). Thus, further work is
needed to delineate the role of CHI3L1 in the pathogenesis of CTEPH.

5.10. ENPP2 is expressed in end-stage CTEPH and regulates some cellular processes

ENPP2 or ATX is a secreted lysophospholipase D, a member of the nucleotide

pyrophosphatase (NPP) family of ectoenzymes and exoenzymes (van Meeteren et al., 2006).

ENPP2 is stored in the a-granules of resting human platelets and released upon platelet
aggregation, leading to the production of LPA (Leblanc et al., 2014). LPA is also known to
promote human platelet activation by inducing platelet shape change and calcium mobilization,

thereby potentially playing a role in thrombosis and thrombus formation (Teo et al., 2009).

As shown previously in our work, ENPP2 has been upregulated in laser microdissected vessels
from CTEPH (Figure 13D and 54A), and predominantly localized within hPAECs in patients
with CTEPH. Some positive staining was noticed in hPASMCs, as well in hPAAFs of
pulmonary vessels (54B). In addition, at basal level, among all the screened cell types, lung
pericytes, hPASMCs and hPA AFs presented with highest expression of ENPP2 at mRNA level
(Figure 55A), whereas protein levels are highest in A549 tumour cells and hPMECs (Figure
55B and 55C). The higher protein levels of ENPP2 in hPMECs can be explained by the fact
that ENPP2 maintains the expression of receptors required for VEGF and lysophospholipids to
accelerate angiogenesis, which can also be amplified in cancer related angiogenesis and cancer

progression. (Malgorzata M. Ptaszynska, 2010).

Since, ENPP2 and its product LPA, are involved in wide variety of processes such as cell
migration, neurogenesis, angiogenesis, smooth-muscle contractions, platelet aggregation, and
wound healing (Moolenaar et al., 2004), we aimed to check whether they play a role in
initiation, regulation and resolution of innate immune responses (Di Rosa 2012). The mRNA

levels of ENPP2 in M1 and M2 macrophages in comparison to naive macrophages were
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increased, suggesting that ENPP2 is upregulated in both pro- and anti-inflammatory
macrophages (Uzma Saqib, 2018). The protein levels of ENPP2 in M1 or M2 macrophages
were insignificantly changed; due to the lower sample number, we are unable to withdraw any

conclusions (Figure 57).
5.10.1. Pro-PH factors guide a deregulation of ENPP2 expression in vascular cells

Our results suggested that pro-PH factor like IL13 induce the mRNA expression in hPMEC:s,
while in hPASMC, along with TGF-f and TNF-a it downregulated ENPP2 expression.
Interestingly, in hPAAFs, IL6 and PDGF-BB increased the mRNA levels, while TGF-$ and
TNF-a decreased them. Protein levels of ENPP2 were not affected in all the cells types,
implying that the 24 h time point was inefficient for protein synthesis and secretion (Figure 57-

59).
5.10.2. ENPP2-LPA axis converges several cellular effects

LPA is known to promote fibroblast and monocyte differentiation into myofibroblast and
fibrocyte, respectively (Shao et al., 2008; Tang et al., 2014) and dedifferentiation, proliferation
and migration of cultured vascular smooth muscle cells (Boguslawski et al., 2002; Gennero et

al., 1999).

Although significant proliferation wasn't evaluated when vascular cells were stimulated with
LPA, nonetheless, we observed a proliferative tendency from approximately 5-30% in all the
vascular cells tested. A study reported more significant outcome, where LPA induced a

3.9+0.6-fold increase in proliferation in vascular smooth muscle cells (Kim, 2006).

Significant increase in apoptosis demonstrated with higher concentrations of LPA was used in
stimulation of the vascular cells, starting from 10 uM for hPAAFs up to 80 uM, while hPMECs
were more resistance and showed increased apoptosis levels at 80 uM LPA. hPASMCs were
affected towards higher apoptosis in 40 and 80 uM (Figure 60). On contrary to our findings,
LPA has been found to protect intestinal epithelial cells from apoptosis by inhibiting the
mitochondrial pathway at concentration of 10 uM (Wenlin Deng, 2002).

As one of the suggested biological functions of LPA is inducing migration of different vascular
and tumour cells (Wenlin Deng, 2002, Boguslawski et al., 2002, Martina Stdhle, 2003). We
also found that stimulated hPASMCs and hPAAFs, can persuade migration in different
concentrations of LPA, with an accent on higher doses, to a certain instance at a concentration

dependent manner (Figure 61). Effect of migration on hPMECs was tested as well, although
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unsuccessfully, due to technical difficulties or the cell morphology and sensitivity (data not

shown).
5.10.3. LPA drives vascular remodelling in living human precision cut lung sections

As described above, lack of proper animal model of CTEPH and an increasing trend of using
an organ culture to functionally evaluate the ex-vivo effects, encouraged us to test whether LPA
will directly affect the remodelling of the pulmonary vessel in a living human precision cut
lung sections (Figure 62). Surprisingly, different concentrations of LPA induced similar effect
of increased medial wall thickness, suggesting that in ex-vivo chronic conditions, LPA on its
own can cause mild proliferation and extensive migration, contributing to vascular
remodelling. Interestingly, when we used potent and direct ENPP2 inhibitor, which modulates
the LPA levels in vivo and in vitro, we observed decrease in the medial wall thickness in

comparison to the stimulated control (Gierse 2010).

5.10.4. Loss of ENPP2 didn't influence thrombus formation or resolution in a mouse

thrombosis model of CTEPH

LPA signalling protects mouse pulmonary vasculature from hypoxia induced remodelling,
whereas LPA deficiency affects the endothelin signalling, indulging endothelin-A receptor, in
contrast to endothelin-B signalling (Cheng et al., 2012). Hence, LPA can undoubtedly
influence the function of both, endothelial and smooth muscle cells, creating a pulmonary
hypertensive sequelac. However, in contrast to vascular remodelling effects induced by
ENPP2, ENPP2 exerted mild or no effects on thrombus formation or resolution in a mouse
model of inferior vena cava (IVC) ligation induced thrombosis. Except of increased thrombus
area at day 14 in the Enpp2™ mice, we didn't observe any other significant changes (Figure
64). The first cell type to invade the thrombus is neutrophils, as they are essential for early
thrombus resolution (Sharma 2018). In a rat model of stasis DVT, neutropenia was found to be
associated with larger thrombi on day 7 and increased thrombus fibrosis (Manu Varma, 2004).
However, we observed slight changes in neutrophil count at day 7 in Enpp2™” in contrast to

Enpp2** (Figure 64E).

To our knowledge, this is the first study implying that ENPP2-LPA axis plays a role in the
pathogenesis of PH, and specifically CTEPH and further work is needed to substantiate the

molecular mechanisms contributing to disease development.
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6. Future outlook

The data presented in this study comprehensively evaluate the pathophysiological and
molecular aspects of end-stage CTEPH and compare it with the well-studied form of PH,
IPAH. Moreover, this is the first study differentiating between central and peripheral CTEPH
in terms of histopathological characterization and molecular profiling. However, further studies
are needed to understand how PH initiating factors, such as high share stress, hypoxia and/or
inflammatory molecules trigger the underlying pathological phenotype and particular
molecular mechanisms in CTEPH, as well as the prevalence of one or the other condition, in

terms of proximity of the disease.

In our initial studies, we were able to demonstrate that CHI3L1 and ENPP2, differently
regulated genes between CTEPH and IPAH, and similarly regulated in proximal and distal
CTEPH, are involved in pulmonary vascular remodelling in vitro and ex vivo via regulation of
pro-proliferative, pro-migratory and pro-contractile mechanisms, suggesting a potential
contribution to the pathogenesis of CTEPH. It will be interesting to examine if other PH factors,
such as share stress or hypoxia will be able to induce similar changes of CHI3L1 or ENPP2
levels in vascular cells. For that purpose, donor hPMECs will be exposed to different levels of
share stress and along with hPASMCs and hPAAFs to hypoxia, whereas expression and
localization of CHI3L1 and ENPP2 will be evaluated.

Furthermore, studies to identify the exact molecular mechanisms downstream of CHI3L1 and
ENPP2 shall be undertaken, by performing knockdowns of these genes in vascular cells and

revealing how exactly they contribute to the pro-migratory and pro-angiogenic phenotype.

As mentioned before, ENPP2 is stored in the a-granules of resting human platelets and released
upon platelet aggregation, leading to the production of LPA (Leblanc et al., 2014). LPA
signalling on the other hand protects mouse pulmonary vasculature from hypoxia induced
remodelling (Cheng et al., 2012). Therefore it would be interesting to know whether the
combined thrombosis animal model of IVF ligation and hypoxia will create pulmonary

hypertensive sequelae (Figure 65).
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Figure 65: Schematic representation of the experimental plan of hypoxia-CTEPH thrombosis
model. Ligation of IVC will be performed on WT and HZ mice. Experiment will be conducted with
three different time points, day 7, 14 and 28. And ligation will follow after 2 weeks of hypoxia exposure

As the transcriptional profile of central and distal (segmental and subsegmental) vascular

fibrous tissue from PEA was evaluated and several transcription factors came to be regulated

in both, patent and completely occluded tissue, it will be of a great value to understand and

estimate their functional role in the pathogenesis of the ongoing CTEPH. This work will be

carried out, by overexpression or knockdown of the evaluated TFs in ECs and hPASMCs

isolated from PEA. Finally, the relevance of these transcription gactors in the attenuation of

CTEPH phenotype in vivo will be strengthened by completing the ongoing animal experiments

with hemodynamic parameters and histological evaluations.
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Chronic thromboembolic pulmonary hypertension (CTEPH) is considered to be a rare disease,
with an epidemiology likely to be similar to that of pulmonary arterial hypertension (PAH).
CTEPH is a subgroup of pulmonary hypertension (PH) with a cumulative incidence between
0.1 and 9.1% in patients with reported pulmonary embolism (I. M. Lang & Madani, 2014).
Clinical evidence from registries demonstrates that CTEPH occurs at a prevalence of 17-20 per
million in the general population (I. M. Lang et al., 2016). The state-of-the-art therapeutic
strategy is pulmonary endarterectomy (PEA). Yet, a well-known fact in the field is that,
approximately only 60% of the patients are eligible for surgery and even more, significant
number of patients develop persistent/recurrent PH after PEA. This consecutive outcome is
most likely a consequence of the production and release of mediators from endothelial cells or
platelets, or both stimulated by pulmonary hypertensive state (Gali¢ & Kim, 2006; Remkova
et al., 2015). Furthermore, around 25% of patients with subsegmental obstruction are
candidates for balloon angioplasty (BPA), and/or medical therapy, developed and used in the
past few years. Ultimately and very rarely, however if all the therapeutic strategies fail, patients
will undergo for lung transplantation. Searching for better alternative treatments is however
limited as the pathophysiological and molecular mechanisms generating central (proximal)
disease and/or distal (peripheral) vessel arteriopathy in CTEPH and the mechanistic

differences/similarities with other groups of PH are sparsely understood.

Hence, better understanding of the pathophysiology and molecular mechanisms driving and
orchestrating the development of CTEPH is mandatory in order to identify effective alternative
treatments especially for patients with absence of proximal obliteration. The existence of
microvascular disease in CTEPH was at first acknowledged by Moser and Bloor in a lung
tissues obtained from biopsy or at autopsy of CTEPH patients (Moser & Bloor, 1993). Along
with other authors, they highlighted the observation that vascular pulmonary hypertensive
lesions in CTEPH are indistinguishable from the one underlying idiopathic PAH. On one hand,
the wvascular lesions exhibited intimal thickening, eccentric intimal fibrosis, intimal
fibromuscular proliferation, medial hypertrophy and presence of plexiform lesions (Moser &
Bloor, 1993; G. G. Pietra et al., 2004). On the other hand, it was postulated that the vascular
remodelling distal to the organized thromboembolic obstruction may be similarly distributed

in the lung areas of complete and non-complete occlusion CTEPH (G. Simonneau et al., 2017).

Based on prior research, the following research questions are of interest to better understand

the CTEPH: (1) Are the molecular and histological imprints of CTEPH comparable or distinct
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to the extensively studied PAH? (2) Are there significant differences from histological or
molecular aspect between the vascular lesions in proximal (central) and distal (peripheral)
CTEPH? More precisely, whether the lung areas distal to the organized thromboembolic
obstruction being completely and non-completely obstructed (hypo- and hyper-perfused areas)
convey a distinct phenotype and genotype. (3) Is the small vessel arteriopathy homogeneously
distributed in different lobes, irrespective of the site of the disease? (4) Are the lung biopsies
from patients who develop PH due to sarcoma resembling the “classical” histopathological
changes observed in CTEPH? (5) Are the completely occluded biorepositories from PEA, in
terms of histological and gene regulatory networks similar or distinct to the non-completely
occluded areas complying with high-share stress? (6) What is the functional role of the

unbiasedly selected targets in terms of development or maintenance of CTEPH?

In order to answer these research questions, this thesis aim to histologically and molecularly
characterize the end-stage CTEPH enfolding several facets and further, the ongoing CTEPH in

terms of central and occluded (completely and non-completely) vascular lesions.

First, in a carefully selected, multi-centre biorepositories, human samples have been collected
and investigated to identify whether vascular remodelling in the end-stage CTEPH is as similar
as in the other groups of PH, esp. in the well-studied idiopathic PAH (IPAH) group. Different
morphometric approaches, such as medial wall thickness, neointima/media ratio and collagen
deposition has been measured to assess the vascular remodelling. Next, the analysis of global
transcriptional regulatory landscape in CTEPH and IPAH was performed from laser capture
microdissected vessels, followed by microarrays and subsequent bioinformatic analysis to
identify the common or the unique mechanisms driving small vessel arteriopathy in CTEPH as
compared to IPAH. These findings suggest that the distal vascular remodelling in CTEPH,
represented by intima thickening, medial hypertrophy and muscularization and adventitial
thickening, resemble vascular remodelling in IPAH. Furthermore, we identified that CTEPH
manifests significantly divergent global transcriptional regulatory landscape in comparison to

IPAH.

Second, we evaluated whether the distal histological and molecular changes between central
(proximal) and peripheral (distal) CTEPH are similar or distinct, in a comparable work frame
to the previous experimental setup. We noted that central CTEPH manifest similar histological
changes as peripheral CTEPH, while the global transcriptional regulatory landscape of central
CTEPH manifests similar as well as unique signaling pathways regulation in contrast to the

peripheral CTEPH.
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Third, applying similar approach, we discovered that small vessel arteriopathy is
homogeneously distributed in different lobes, irrespective of the site of the disease.
Interestingly, the pre-affected as well as the post-affected areas showed similar distribution of
the vascular remodelling intensity, confirming that the site affected by hypo-perfusion

resembles the site with hyper-perfused flow in terms of vascular remodelling.

Forth, similarly patients who develop PH due to sarcoma and underwent PEA present

comprehensive vascular remodelling, similar to end-stage CTEPH patients.

Fifth, based on histological and molecular analysis suggest that PEA biorepository presents
with tissue repair phenotype, and especially in those areas distal to the central occlusion which

are defined as non-completely and completely occluded regions.

Sixth, we reveal that CHI3L1 and ENPP2, differently regulated genes between CTEPH and
IPAH, and similarly regulated in proximal and distal CTEPH, are involved in pulmonary
vascular remodelling in vitro and ex vivo via regulation of pro-proliferative, pro-migratory and

pro-contractile mechanisms, suggesting a potential contribution to the pathogenesis of CTEPH.

Taken together, further studies are needed to understand how exact factors, such as high share
stress, hypoxia or inflammatory molecules trigger the interlaying pathological and molecular

mechanisms in CTEPH.
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Zusammenfassung

Chronische thromboembolische pulmonale Hypertonie (CTEPH) ist eine seltene Krankheit mit
einer Epidemiologie, der der pulmonalen arteriellen Hypertonie (PAH) dhnelt. CTEPH ist eine
Untergruppe der pulmonalen Hypertonie (PH), die zwischen 0,1% und 9,1% bei Patienten mit
einer gemeldeter Lungenembolie auftritt (I. M. Lang & Madani, 2014). Klinische Daten
belegen, dass CTEPH in der Allgemeinbevolkerung mit einer Pravalenz von 17 bis 20 pro eine
Million Individuen auftritt (I. M. Lang, Dorfmiiller & Vonk Noordegraaf, 2016). Die beste
bekannte Therapiestrategie ist die pulmonale Endarteriektomie (PEA). Allerdings kommen nur
etwa 60% der Patienten fiir eine Operation in Frage und eine signifikant hohere Anzahl von
Patienten entwickelt eine persistierende/rezidivierende PH nach der PEA. Diese PH ist sehr
wahrscheinlich eine Folge der Produktion und Freisetzung von Mediatoren aus Endothelzellen
oder Blutpléttchen oder beiden, die durch den pulmonalen hypertensitiven Zustand stimuliert
werden (Gali¢ & Kim, 2006; Remkova, Simkovéa & Valkovicova, 2015). Dariiber hinaus sind
rund 25% der Patienten mit subsegmentaler Obstruktion Kandidaten fiir eine
Ballonangioplastie (BPA) und/oder eine medizinische Therapie, die in den letzten Jahren
entwickelt und angewendet wurde. SchlieBlich und sehr selten, wenn alle therapeutischen
Strategien versagen, erhalten Patienten eine Lungentransplantation. Die Suche nach besseren
alternativen Therapien ist jedoch begrenzt, da die pathophysiologischen und molekularen
Mechanismen, die eine zentrale (proximale) Erkrankung und/oder eine distale (periphere)
GefaBarteriopathie bei CTEPH hervorrufen und die mechanistischen

Unterschiede/Ahnlichkeiten mit anderen Arten der PH bisher nur wenig verstanden sind.

Daher ist ein besseres Verstdndnis der Pathophysiologie und der molekularen Mechanismen,
die die Entwicklung von CTEPH treiben und beeinflussen, unabdingbar, um wirksame
alternative Therapien zu identifizieren. Dies gilt insbesondere fiir Patienten ohne proximale
Obliteration. Das Vorliegen einer KleingefdBerkrankung bei CTEPH wurde als erstes von
Moser und Bloor in einem durch Biopsie oder Autopsie von CTEPH-Patienten gewonnenem
Lungengewebe nachgewiesen (Moser & Bloor, 1993). Zusammen mit anderen Autoren hoben
sie hervor, dass vaskuldre pulmonale hypertensive Lisionen bei CTEPH nicht von denen der
idiopathischen PAH zu unterscheiden sind. Einerseits zeigten die GefdBldsionen eine
Intimaverdickung, exzentrische Intimalfibrosen, intimale fibromuskuldre Proliferationen,
mediale Hypertrophie sowie das Vorhandensein plexiformer Lésionen (Moser & Bloor, 1993;
G. G. Pietra et al., 2004). Andererseits wurde postuliert, dass die vaskuldre Remodellierung

distal zu der organisierten thromboembolischen Obstruktion eine dhnliche Verteilung in den
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Lungenbereichen der vollstindigen und nicht vollstindigen CTEPH-Okklusion aufweist

(Simonneau et al., 2017).

Ausgehend von fritheren Forschungsarbeiten sind die folgenden Forschungsfragen fiir ein
besseres Verstindnis von CTEPH von Interesse: (1) Sind die molekularen und histologischen
Abdriicke von CTEPH mit denen der intensiv untersuchten PAH vergleichbar oder
verschieden? (2) Gibt es signifikante Unterschiede aus histologischer oder molekularer
Perspektive zwischen den Gefdfldsionen bei proximaler (zentraler) und distaler (peripherer)
CTEPH? Genauer gesagt, weisen die zur organisierten thromboembolischen Obstruktion
distalen Lungenbereiche, die vollstindig oder nicht vollstindig blockiert sind (hypo- und
hyperperfundierte Bereiche), einen unterschiedlichen Phanotyp und Genotyp auf. (3) Ist die
kleine GefdBarteriopathie unabhdngig vom Ort der Erkrankung homogen in verschiedenen
Lappen verteilt? (4) Sind die Lungenbiopsien von Patienten, die aufgrund eines Sarkoms eine
PH entwickeln, den bei CTEPH beobachteten ,klassischen histopathologischen
Veranderungen dhnlich? (5) Sind die vollstindig verschlossenen Biorepositorien von PEA in
Bezug auf histologische und genregulatorische Netzwerke dhnlich oder verschieden von den
nicht vollstindig verschlossenen Bereichen, die einen hohen Stressanteil aufweisen? (6)
Welche funktionale Rolle spielen die zufdllig ausgewihlten Ziele bei der Entwicklung oder

dem Bestehen von CTEPH?

Um diese Forschungsfragen zu beantworten, hat die vorliegende Arbeit das Ziel CTPEH im
Endstadium histologisch und molekular aus verschiedenen Sichtweisen zu charakterisieren.
Dartiber hinaus soll eine bestehende CTEPH in Bezug auf zentrale und verschlossene

(vollstdndig und nicht vollstindig) GefaBldsionen untersucht werden.

Erstens wurden in sorgfiltig ausgewihlten multizentrischen Biorepositorien humane Proben
gesammelt und untersucht. Damit sollte festgestellt werden, ob die vaskuldre Remodellierung
im CTEPH-Endstadium &hnlich zu anderen Gruppen von PH ist, insbesondere in der extensiv
untersuchten Gruppe der idiopathischen PAH (IPAH). Dazu wurden verschiedene
morphometrische Ansitze wie die mediale Wandstérke, das Neointima / Media-Verhiltnis und
die Kollagenablagerung genutzt, um die Remodellierung der Gefde zu messen und zu
bewerten. Weiterhin wurden die globalen regulatorischen Transkriptionslandschaften in
CTEPH und IPAH an mikrodissezierten Gefdflen mit Lasereinfang analysiert. AnschlieBend
wurden Microarrays und eine bioinformatische Analyse durchgefiihrt, um die gemeinsamen
oder einzigartigen Mechanismen zu identifizieren, die die Arteriopathie kleiner Gefdle in

CTEPH im Vergleich zu IPAH treiben. Diese Ergebnisse legen nahe, dass die distale
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GefaBumbildung bei CTEPH, charakterisiert durch Intimaverdickung, mediale Hypertrophie
und Muskularisation sowie adventitiale Verdickung, der GefdBumbildung bei IPAH &hnelt.
Dariiber hinaus stellten wir fest, dass CTEPH im Vergleich zu IPAH eine signifikant

abweichende globale regulatorische Transkriptionslandschaft aufweist.

Zweitens haben wir untersucht, ob die distalen histologischen und molekularen Verdanderungen
zwischen zentralem (proximalem) und peripherem (distalem) CTEPH &hnlich oder
unterschiedlich sind. Dies erfolgte in einem vergleichbaren Design wie im vorherigen
Versuchsaufbau. Die Ergebnisse zeigen, dass die zentrale CTEPH &hnliche histologische
Veranderungen aufweist wie die periphere CTEPH. Allerdings zeigt die globale
Transkriptionsregulationslandschaft der zentralen CTEPH im Gegensatz zur peripheren

CTEPH zwar dhnliche aber auch einzigartige Regulation der Signalwege.

Drittens stellten wir mit einem dhnlichen Untersuchungsdesign fest, dass die Arteriopathie der
kleinen Gefdfle unabhingig vom Ort der Erkrankung homogen in verschiedenen Lappen
verteilt ist. Interessanterweise zeigten sowohl die vorher als auch hinterher betroffene Stelle
eine dhnliche Verteilung der Intensitit der GefaBumbildung. Dies bestitigt, dass der von der
Hypoperfusion betroffene Bereich hinsichtlich der GefdBumbildung dem Bereich mit
hyperperfusiertem Fluss dhnelt.

Viertens, weisen Patienten, die aufgrund eines Sarkoms eine PH entwickeln sowie eine PEA
durchlaufen haben, eine umfassende GefdBumbildung dhnlich wie CTEPH-Patienten im

Endstadium auf.

Fiinftens, deuten die Ergebnisse der histologischen und molekularen Analysen darauf hin, dass
das PEA-Biorepository einen Gewebereparaturphénotyp aufweist. Dies zeigt sich insbesondere
in den Bereichen, die distal zur zentralen Okklusion liegen (nicht vollstdndige und vollstdndige

verschlossene Bereiche).

Sechstens zeigen wir, dass CHI3L1 und ENPP2, unterschiedlich regulierte Gene zwischen
CTEPH und IPAH und &hnlich reguliert in proximaler und distaler CTEPH, in vitro und ex
vivo an der Remodellierung der Lungengefile beteiligt sind. Dies erfolgt durch positive
Wachstums-, Migrations- und Kontraktile-Mechanismen, die auf einen mdglichen Beitrag zur

Pathogenese von CTEPH hindeuten.
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Appendix

Appendix

A-1: List of Top 25 upregulated genes in CTEPH vs. donor

Symbol

HBD
HBB
HBA2

HAS1

CXCLS8
FOSB
LMOD1
ACKR1
ENPP2
VSIGS
SSCSD
CHIT1
NR4A2
KIAA1683
CPXM2
CCDC3
POSTN

FCGBP

APBB3
MTRNR2L9
ZDHHC11

ITGAX
BCAM

NFATC2

Entrez gene name

Hemoglobin delta
Hemoglobin beta

Hemoglobin.alpha 2

Hyaluronan synthase 1
Chemokine (C-X-C motif) ligand 8

FBJ murine osteosarcoma viral oncogene homolog B
Leiomodin 1 (smooth muscle)

Atypical chemokine receptor 1 (Duffy blood group)
Ectonucleotide pyrophosphatase/phosphodiesterase 2
V-set and immunoglobulin domain containing 8
Scavenger receptor cysteine rich family. 5 domains
Chitinase 1 (chitotriosidase)

Nuclear receptor subfamily 4. group A. member 2
Carboxypeptidase X (M14 family). member 2
Coiled-coil domain containing 3

Periostin osteoblast specific factor

Fc fragment of IgG binding protein

Amyloid beta (A4) precursor protein-binding. family B.

member 3

MT-RNR2-like 9 (pseudogene)

Actin. gamma 2 smooth muscle. enteric

Zinc finger DHHC-type containing 11

Integrin alpha X (complement component 3 receptor 4
subunit)

Basal cell adhesion molecule (Lutheran blood group)
Nuclear factor of activated T-cells. cytoplasmic.

calcineurin-dependent 2

LogFC CTEPH-
Donor

3.85

3.78
3.70

2.90

2.64
2.52
2.35
2.35
2.35
231
231
2.29
2.29
2.25
2.25
2.23
2.19

2.15

2.14
2.13
2.13

2.12
2.10

2.07
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A-2: List of Top 25 downregulated genes in CTEPH vs. donor

Symbol

APMAP
ST8SIA6

IGJ

PCDH17

PCDHBI15
AGTR2
S100A12
SCN7A
SPTLC2

ABCC4

CYP1B1
GANC
HS3ST3B1
CCDCS85A
CCL13
CPA3
LIPG
SCGB3A2

HEY1
S100A8
PSAT1
SERPINA3
TMEM100
FCN3
DKK2

Entrez gene name

adipocyte plasma membrane associated protein
ST8 alpha-N-acetyl-neuraminide alpha-2.8-
sialyltransferase 6

immunoglobulin J polypeptide. linker protein for
immunoglobulin alpha and mu polypeptides

protocadherin 17

protocadherin beta 15

angiotensin II receptor. type 2

S100 calcium binding protein A12

sodium channel. voltage gated. type VII alpha subunit

serine palmitoyltransferase. long chain base subunit 2

ATP-binding cassette. sub-family C (CFTR/MRP).
member 4

cytochrome P450. family 1. subfamily B. polypeptide 1
glucosidase. alpha; neutral C

heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1
coiled-coil domain containing 85A

chemokine (C-C motif) ligand 13

carboxypeptidase A3 (mast cell)

lipase. endothelial

secretoglobin. family 3A. member 2

hes-related family bHLH transcription factor with
YRPW motif 1

S100 calcium binding protein A8

phosphoserine aminotransferase 1

serpin peptidase inhibitor. clade A (alpha-1
antiproteinase. antitrypsin). member 3

transmembrane protein 100
ficolin (collagen/fibrinogen domain containing) 3

dickkopf WNT signaling pathway inhibitor 2

LogFC CTEPH-
Donor
-1.99
-2.01
-2.02

-2.03

-2.03
-2.04
-2.04
-2.05
-2.05
-2.09
2.11
2.12
2.17
2.19
2.29
-2.29
235
2.43
-2.46

-2.59
-2.72
-2.93
-2.94
-3.50
-3.54
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A-3: List of primers for qRT-PCR

Gene

B2M

CHI3L1

ENPP2

FOXO 1

FOXO3

KLF2

GATAG6

Species
human

human

human
human
human
human

human

Sequences
(5539

F: AGATGAGTATGCCTGCCGTG
R: TCATCCAATCCAAATGCGGC
F: ATGATGTGACGCTCTACGGC
R: ACTCTGGGTGTTGGAGGCTA
F: GCCCTCCATTAATCATCTTC
R: CAGTGGCCAAAGTGTATAAG
F: CAATGGAACATCCCAAGAAG
R: CAAGGAGAGGCCAACTGTAA
F: GCTGAAGGATCACTGAGGAA
R: CAGTCTCTGCTGGGTTAGGA
F: GGGGTGAGTTCCCCATTCTG
R: CCAATGCACACAACAGGTGG
F: TTTGCAACGTGCCTTGAAGT
R: CTGTACACTCAGGGAGCCACA

Annealing
Temperature (°C)

60
60

60

60
60
60

60
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A-4: List of primary antibodies

Antibody

smooth muscle actin
(Cy3-labeled)
ACTB

smooth muscle actin
vWf

vWf

CHI3L1

ENPP2

pFAK

FAK

pSRC

SRC

VEGFR2

VEGFR1

VEGFA

GAPDH

CD31

CD34

Source
rabbit

mouse
mouse
mouse
rabbit
goat
mouse
mouse
mouse
rabbit
rabbit
rabbit
rabbit
rabbit
mouse
mouse
mouse

Dilution
WB

1:4000

1 ug/mL
1:100

Ready to use
1:50

Dilution
IHC/ICC
1:200

1:700
1:300
1:900
10 pg/mL
1:1000
1:800
1:500
1:1000
1:1000
1:1000
1:1000
1:1000
1:4000

Company
Sigma Aldrich

Sigma Aldrich
Sigma Aldrich
Novus
Agilent
R&D
Abcam
Santa Cruz
Santa Cruz
Cell signaling
Cell signaling
Cell signaling
Cell signaling
Abcam
Novus
Dako
Dako
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A-5: Table list of secondary antibodies

Antibody Dilution Company
AlexaFluor488 anti-rabbit IgG 1:1000 Life Technologies
HRP conjugated anti-rabbit IgG 1:40000 Sigma Aldrich
HRP conjugated anti-mouse IgG 1:30000 Sigma Aldrich
HRP conjugated anti-goat IgG 1:1000 R&D
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A-6: List of the top 10 up- and down- regulated genes in CHI3L1 (800 ng/mL)-stimulated PCLS

Symbol Entrez gene name (S;JOOIgllglfnggf)iI;:ol)
PDP2 pyruvate dehyrogenase phosphatase catalytic subunit 2 8.11
PRSS38 protease, serine, 38 5.55
CATIP ciliogenesis associated TTC17 interacting protein 5.54
TNIP3 TNFAIP3 interacting protein 3 5.36
PPEF2 protein phosphatase, EF-hand calcium binding domain 2 5.14
PGLYRP2 peptidoglycan recognition protein 2 4.98
GAPDHS glyceraldehyde-3-phosphate dehydrogenase, spermatogenic 4.94
ZNF232 zinc finger protein 232 4.88
KCNG4 fr?(:fnssiel;rz channel, voltage gated modifier subfamily G, 4381
KCNQ4 fri)et;fsg;rz channel, voltage gated KQT-like subfamily Q, 4.80
TSTD1 ggﬁ;ﬁfﬁg iulﬁthransferase (rhodanese)-like domain 113
MSMB microseminoprotein, beta- -1.44
BPIFA1 BPI fold containing family A, member 1 -1.91
STAP1 signal transducing adaptor family member 1 -2.61
LOC100130539 uncharacterized LOC100130539 -2.81
GDF6 growth differentiation factor 6 -3.56
PDX1 pancreatic and duodenal homeobox 1 -3.58
PIGM phosphatidylinositol glycan anchor biosynthesis, class M -4.13
REV1 REV1, polymerase (DNA directed) -4.99
FRAT1 frequently rearranged in advanced T-cell lymphomas 1 -8.83
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A-T7: List of the top 10 up- and down- regulated genes in CHI3L1 (1200 ng/mL)-stimulated

PCLS

Symbol

BPIFA1
MSMB
RTL1
GIMAP1

LILRA2

PCDH17
CPNE7
RPEG65
FAM92B

MYCN
GDF6

TSTD1

ADAMTS13

PDX1

PIGM

STAP1
RNF186

REV1
LOC100130539
FRAT1

Entrez gene name

BPI fold containing family A, member 1
microseminoprotein, beta-
retrotransposon-like 1

GTPase, IMAP family member 1

leukocyte immunoglobulin-like receptor, subfamily A (with
TM domain), member 2

protocadherin 17

copine VII

retinal pigment epithelium-specific protein 65kDa
family with sequence similarity 92, member B

v-myc avian myelocytomatosis viral oncogene neuroblastoma
derived homolog

growth differentiation factor 6

thiosulfate sulfurtransferase (rhodanese)-like domain
containing 1

ADAM metallopeptidase with thrombospondin type 1 motif,
13

pancreatic and duodenal homeobox 1
phosphatidylinositol glycan anchor biosynthesis, class M
signal transducing adaptor family member 1

ring finger protein 186

REV1, polymerase (DNA directed)

uncharacterized LOC100130539

frequently rearranged in advanced T-cell lymphomas 1

XL

LogFC CHI3L1

(1200 ng/mL-control)

3.94
3.87
3.85
3.66

3.59

3.51
3.33
3.31
3.29

3.22
-3.21

-3.36

-3.51

-3.60
-3.66
-3.73
-3.78
-4.5
-5.04
-7.68
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Publication list

Publications

Iloska et al. Proximal vs. distal end-stage CTEPH: Insights from histopathological
and molecular perspective. Manuscript in preparation.

Cheladurai, Iloska et al. Sirtl in pulmonary vascular remodelling and right ventricular
hypertrophy. Manuscript in preparation.

Anabela Bensimon-Brito, Srinath Ramkumar, Giulia Boezio, Stefan Guenther, Carsten
Kuenne, Héctor Sdnchez-Iranzo, Dijana Iloska, Janett Piesker, Soni Pullamsetti, Nadia
Mercader, Dimitris Beis, Didier Stainier. Cardiac valve regeneration in adult zebrafish:
importance of TGFB signaling in recellularization. Submitted in Dev Cell.

Li M, Riddle S, Zhang H, D'Alessandro A, Flockton A, Serkova NJ, Hansen KC, Moldvan
R, McKeon BA, Frid M1, Kumar S, Li H, Liu H, Caanovas A, Medrano JF, Thomas MG,
Iloska D, Plecita-Hlavata L, Jezek P, Pullamsetti S, Fini MA, El Kasmi KC, Zhang Q,
Stenmark KR. Metabolic Reprogramming Regulates the Proliferative and
Inflammatory Phenotype of Adventitial Fibroblasts in Pulmonary Hypertension
Through the Transcriptional Corepressor C-Terminal Binding Protein-1.
Circulation. 2016 Oct 11;134(15):1105-1121

Josipovic I, Fork C, Preussner J, Prior KK, Iloska D, Vasconez AE, Labocha S, Angioni
C, Thomas D, Ferreiros N, Looso M, Pullamsetti SS, Geisslinger G, Steinhilber D, Brandes
RP, Leisegang MS. PAFAH1B1 and the IncRNA NONHSATO073641 maintain an
angiogenic phenotype in human endothelial cells. Acta Physiol (Oxf). 2016
Sep;218(1):13-27.

Conference participation

DZL 2019 Annual meeting, Poster and short presentation — Proximal vs. distal end-
stage CTEPH: Insights from histopathological and molecular perspective, Mannheim,
Germany, February 2019

13" PVRI Annual World Congress on Pulmonary Vascular Disease, Presentation —
Defective angiogenesis is a major contributor of CTEPH, Barcelona, Spain, January 2019
13" PVRI Annual World Congress on Pulmonary Vascular Disease, Poster presentation
— Proximal vs. distal end-stage CTEPH: Insights from histopathological and molecular
perspective, Barcelona, Spain, January 2019

German-French Lung Retreat, Poster presentation — Unique molecular and
histopathological imprint of end-stage CTEPH, Paris, France, September 2018
Cardiovascular Development and Regeneration Conference, Weinstein 2018, Poster —
Zebrafish heart valve regeneration: A model for valve recellularization, Nara, Japan, May
2018

6th World Symposium on Pulmonary Hypertension, Poster presentation — End-stage
chronic  thromboembolic ~ pulmonary  hypertension:  Unique molecular and
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e DZL 2018 Annual meeting, Poster presentation — End-stage chronic thromboembolic
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Germany, February 2018

e ERS International congress 2017, Poster presentation — Proangiogenic and wound
healing molecular and histopathological fingerprint of chronic thromboembolic
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e International CTEPH conference, Poster presentation — Proangiogenic and wound
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o ECCPS symposium, Poster and short presentation — Proangiogenic and wound healing
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e DZL 2017 Annual meeting, Poster and short presentation — Proangiogenic and wound
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hypertension, Munich, Germany, January 2017

e PH DACH Symposium, Poster presentation — Molecular and histological phenotyping
of chronic thromboembolic pulmonary hypertension, Heidelberg, November 2016

e DZL 2016 Annual meeting, Poster presentation — Characterization of distal vessel
remodelling in CTEPH, Hannover, Germany, January 2016

e American Thoracic Society, ATS 2015, Presentation and poster presentation—
Characterization of distal vessel remodelling in CTEPH, Denver, Colorado, USA, May
2015

e DZL 2015 Annual meeting, Poster presentation — Characterization of distal vessel
remodelling in CTEPH, Hannover, Germany, February, 2016

e Symposium, Programming the Lung — Epigenetic control of lung biology through histone
and chromatine modification, Castle Weilburg, Germany, November 2012

e 22nd IUBMB- 37th FEBS Congress, Poster — Global proteomic analysis of outer
membrane vesicles derived from the probiotic Escherichia coli strain Nissle 1917, Sevilla,
Spain, 2012

e V" Research day, Faculty of Pharmacy, University of Barcelona, Barcelona, Spain, April,
2012

e Seminar and experimental session, Use of fluorescence spectroscopy in the study of drugs,
proteins and membranes, University of Applied Sciences Northwestern, Basel,
Switzerland, December 2011
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for total protein determination in urine, Zlatar, Serbia, May 2006
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