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macrophages, we performed a scratch assay. 24h after making a scratch, LPS/IFNγ-

activated pro-inflammatory RAW264.7 macrophages showed a visibly significant increase 

in migration, compared to unpolarized (M0) macrophages (Figure 3B). Inhibition of ATX by 

PF8380 showed some decrease in macrophage migration; however, Cpd17 significantly 

reduced the percentage of cell migration compared to that of LPS/IFNγ-activated 

macrophages (Figure 3B). We further examined the efficacy of the inhibitors on the gene 

expression of inflammatory markers in both mouse and human macrophages. In mouse 

RAW264.7 macrophages, we observed that both PF8380 and Cpd17 significantly alleviated 

the LPS/IFNγ-induced expression of C-C chemokine 2 (CCL2), also known as monocyte 

chemotactic protein 1 (MCP1), one of the key chemokines that regulate migration and 

infiltration of monocytes/macrophages. Moreover, Cpd17, but not PF8380, also alleviated 

the expression of other inflammatory marker inducible nitric oxide synthase (iNOS) (Figure 

3C). Similarly, in human THP1 macrophages, M1 activation through LPS and IFNγ led to an 

increase in gene expression of inflammatory markers CCL2 and iNOS. After 24h of treatment 

with both inhibitors, gene expression levels were significantly decreased (Figure 3D).

These results show that inhibition of ATX decreases lipid accumulation in hepatocytes and 

attenuates LPS/IFNγ-induced pro-inflammatory macrophage activation and migration, both 

in murine as well as human cells. These results confirm the importance of the LPA/ATX 

pathway in liver inflammation. Furthermore, the results suggest that Cpd17 is somewhat 

more efficient than PF8380 in ameliorating induced steatosis and inflammatory phenotype.



186

Chapter 7

B

C D

A

Control - PF8380 Cpd17O
il-

re
d-

O
in

te
ns

ity
/p

er
fie

ld + palmitate
##

ns
*

M0 - PF8380 Cpd17

%
m

ig
ra

tio
n

+ M1 stimulus

#

ns

*

M0 - PF8380 Cpd17

CCL2

R
el

at
iv

e
ge

ne
ex

pr
es

si
on + M1 stimulus

####

*
**

M0 - PF8380 Cpd17

iNOS

R
el

at
iv

e
ge

ne
ex

pr
es

si
on

ns####

+ M1 stimulus

*

Control - PF8380 Cpd17

CCL2
R

el
at

iv
e

ge
ne

ex
pr

es
si

on

+ M1 stimulus

###

*** ***

Control - PF8380 Cpd17

iNOS

R
el

at
iv

e
ge

ne
ex

pr
es

si
on

+ M1 stimulus

##

**
**

Control Palmitate + Cpd17Palmitate + PF8380Palmitate

Control M1 + Cpd17M1 + PF8380M1

0h
24

h
H

ep
G

2 
he

pa
to

cy
te

s 
RA

W
26

4.
7 

m
ac

ro
ph

ag
es

RA
W

26
4.

7 
m

ac
ro

ph
ag

es

TH
P1

 m
ac

ro
ph

ag
es

Figure 3: ATX inhibitors decrease steatotis in hepatocytes, and migration and expression of 
infl ammation-related genes in macrophages. A) Representative images (scale = 10 µm) and 
quantifi cation of HepG2 cells stained with oil-red-O after 48 h of incubation with or without 200 µM 
palmitate with or without 1 µM of PF8380 or Cpd17, n = 3. B) Representative images (at 0 h and 24 h) 
(scale = 50 µm) and quantitative analysis (after 24 h) of migration by control (M0) and LPS- and IFNγ-
induced M1 RAW264.7 macrophages treated with medium alone, PF8380 (1 µM) or Cpd17 (1 µM), n = 4. 
C) Relative gene expression (normalized with GAPDH) for CCL2 and iNOS in control (M0) and LPS- and 
IFNγ-induced M1 RAW 264.7 macrophages treated with medium alone, PF8380 (1 µM) or Cpd17 (1 µM), 
n = 4. D) Relative gene expression (normalized with RPS18) for CCL2 and iNOS in control (M0) and LPS-
induced PMA-diff erentiated human THP1 macrophages treated with medium alone, PF8380 (1 µM) or 
Cpd17 (1 µM), n = 4. Bars represent the mean ± SEM. Statistical analysis was performed by one-way 
analysis of variance (ANOVA) with Dunnet’s or Bonferroni post hoc test. #P < 0.05, ##P < 0.01, ###P < 
0.001 denotes signifi cance versus unstimulated control and *P < 0.05, **P < 0.01, ***P < 0.001 denotes 
signifi cance versus vehicle; ns = nonsignifi cant.
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Inhibition of ATX in TGFβ-activated hepatic stellate cells
The elevated ATX gene expression in patients could be recapitulated upon the activation 

of fibrogenesis in vitro in HSCs. This observation strengthened the previously reported 

association between ATX expression and the development of liver fibrosis and offered an 

attractive system for in vitro studies. We therefore investigated the effect of PF8380 and 

Cpd17 in TGFβ-activated LX2 cells (immortalized human HSCs). Upon TGFβ activation, 

immunostainings revealed an increase in fibrosis-related proteins, collagen I (the major ECM 

protein) and α-SMA (the HSCs activation marker) (Figure 4A); addition of PF8380 or Cpd17 

visibly decreased the protein levels (Figure 4A). Correspondingly, gene expression levels 

of collagen I, α-SMA and platelet-derived growth factor beta receptor (PDGFβR, involved in 

HSC proliferation and survival), increased significantly upon TGFβ activation, showed some 

(non-significant) decrease after PF8380 treatment, but stronger (significant) reduction after 

Cpd17 treatment (Figure 4B). During fibrogenesis, increase in liver stiffness and excessive 

ECM accumulation is mediated by HSCs differentiation into myofibroblasts as well as HSCs 

migration to the injured site [39]. The migratory potential of activated HSCs was evaluated 

by a scratch assay. As observed previously, Cpd17 significantly reduced the wound healing 

response (Figure 4C-D), indicating a reduction in the migratory properties of the LX2 cells. 

Finally, we studied the effect of the two ATX inhibitors on the contractile properties of the 

LX2 cells using a 3D-collagen I contraction assay. Results showed that both PF8380 and 

Cpd17 significantly reduced TGFβ-induced collagen I contraction of LX2 cells after 24h of 

treatment (Figure 4E-F); consistent with other results the effect was more pronounced with 

Cpd17 treatment.

Overall, these results further solidify the significant role of the LPA/ATX pathway in TGFβ-

induced activation, migration, and contractility of human HSCs, and confirm that the ATX 

type IV inhibitor Cpd17 is more efficient in reducing the fibrotic effects caused by HSC 

activation.
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Figure 4: ATX inhibition decreases TGFβ-induced HSCs activation, migration and contraction. A) 
Collagen I and α-SMA stained images (scale = 50 µm) of control and TGFβ-activated LX2 cells with or 
without PF8380 (1 µM) or Cpd17 (1 µM) (n = 3). B) Relative Collagen I, α-SMA and PDGFβr gene expression 
(normalized with GAPDH) in controlled and TGFβ-activated LX2 cells with or without PF8380 (1 µM) or 
Cpd17 (1 µM), n = 3. C, D) Representative images (at 0 h and 24 h) (scale = 100 µm) (C) and quantitative 
analysis (after 24 h) (D) of migration by control and TGFβ-activated LX2 cells with or without PF8380 (1 
µM) or Cpd17 (1 µM), n = 3. E, F) Representative images (E) and quantitative analysis (F) showing 3D 
collagen gel contractility of control and TGFβ-activated LX2 cells with or without PF8380 (1 µM) or Cpd17 
(1 µM), n = 3. Bars represent the mean ± SEM. Statistical analysis was performed by two-tailed Student’s 
t-test or by one-way analysis of variance (ANOVA) with Bonferroni post hoc test. #P < 0.05, ###P < 0.001 
and ####P < 0.0001 denotes significance versus control (non-TGFβ cells) and **P < 0.01, ****P < 0.0001 
denotes significance versus vehicle (TGFβ-activated cells) ns = nonsignificant.
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PF8380 and Cpd17 differentially inhibit downstream signaling in 
LX2 cells and RAW macrophages
To investigate the mechanism by which PF8380 and Cpd17 affect inflammatory and fibrotic 

responses, we sought to dissect their downstream signaling effects in macrophages and 

HSCs, respectively. A short overview of LPA-induced signaling pathways is depicted in Figure 

5A. As all downstream signaling depends on the levels of ATX and the LPA1-6 receptors, we 

first evaluated their gene expression levels in TGFβ activated LX2 cells and in LPS/IFNγ-

activated pro-inflammatory M1 macrophages (Figure EV2). We observed that all the LPA 

receptors (except LPA4), as well as ENPP2, were upregulated in TGFβ-activated LX2 cells; 

and all LPA receptors (except LPA2 and LPA5), and ENPP2 were significantly increased in LPS/

IFNγ-induced pro-inflammatory M1 macrophages, consistent with existing literature [32, 40-

42] (Figure EV2). 

With respect to the signaling pathways, we first monitored the Gα(12/13)-mediated RhoA 

signaling pathway that leads to cytoskeletal reorganization, as it relates to HSCs morphology, 

migration and contractility [43], which are hallmarks for mediating the fibrotic effect in HSCs. 

Consistently with the phenotypic observations, we observed that Cpd17, but not PF8380, 

strongly inhibited the ATX+LPC(LPA)-induced RhoA activation in LX2 cells (Figure 5B). We 

then checked the Gα(i/o)-mediated phosphorylation of AKT and extracellular signal-regulated 

kinase (ERK). The maximal response in the amount of pAKT and pERK in LX2 cells is upon 

stimulation with ATX and the LPC substrate; this effect was ameliorated by both inhibitors in 

the case of pAKT accumulation, but only Cpd17 significantly suppressed pERK (Figure 5C). 

We then checked the alternative signaling pathway involving receptor internalization, by biotin 

labeling of surface proteins, immunoprecipitation, and visualization of the amount of LPA1 in 

the cell surface (Figure EV3A). While treatment with ATX and LPC significantly decreased 

the amount of LPA1 receptor in the cell surface, both inhibitors partially restored LPA1 

surface levels (Figure 5D). Finally, to confirm that the effects that we see are LPA-receptor 

dependent, we used the Ki16425 antagonist, mostly acting on LPA1, and demonstrated that 

its application had effects similar to those of the ATX inhibitors, and particularly Cpd17, both 

in LX2 cells as well as in LPS/IFNγ-differentiated M1 macrophages (Figure EV3B).

These results demonstrate that ATX inhibition leads to signaling events on the downstream 

axis in cells that are relevant to the observed phenotypes. Crucially, the stronger effect of 

the Cpd17 inhibitor, specifically on RhoA activation, at least partially explains the consistent 

effect of the type IV inhibitor Cpd17 to ameliorate the effects in all our phenotypic assays. 

Our in vitro studies thus collectively suggested further analysis of the Cpd17 ATX inhibitor for 

therapeutic efficacy in vivo. 
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Figure 5: Inhibition of ATX results in blockade of LPAR-driven activation of stellate cells and 
macrophages. A) Schematic overview of LPA-induced signaling pathways. B) Top panel shows time-
course stimulation to LPA and uninhibited or inhibited LPC-treated ATX followed by RhoA activation, 
measured as a YFP/CFP fl uorescent ratio.

Bottom panel depicts quantitation of the burst response to the stimulants, n = 3. C) Representative 
images and quantifi cation showing Western blot analysis for p-Akt and p-ERK normalized with b-actin 
in control, LPC, LPA, ATX, ATX + LPC, ATX + LPC + PF8380, and ATX + LPC + Cpd17 stimulated LX2 cells, 
n = 3. D) Representative images and quantifi cation showing Western blot analysis for LPAR1 on the cell 
surface and in lysate, normalized with b-actin in lysate, in LPC, ATX + LPC, ATX + LPC + PF8380, and 
ATX + LPC + Cpd17 stimulated LX2 cells, n = 3. Bars represent the mean ± SEM. Statistical analysis was 
performed by one-way analysis of variance (ANOVA) with Bonferroni post hoc test. #P < 0.05 denotes 
signifi cance versus control, *P < 0.05, ***P < 0.001denotes signifi cance versus vehicle. 
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Cpd17 decreases acute liver damage in CCl4-induced liver injury 
in vivo 
The carbon tetrachloride (CCl4)-induced liver injury mouse model was our first choice for 

analyzing the in vivo efficacy of Cpd17 (Figure 6A). We observed that liver weights (normalized 

to body weight) were significantly increased in diseased mice compared to healthy control 

mice, and liver weights of the Cpd17-treated mice were significantly lower compared to 

the diseased mice (Figure 6B). Additionally, plasma transaminase (alanine transaminase, 

ALT) levels of mice treated with Cpd17 were also significantly reduced, compared to CCl4-

treated mice (Figure 6C). Histological staining of the liver tissues showed an increase in 

inflammation, collagen I, and F4/80 protein expression in the CCl4-induced mouse model, 

as expected, Cpd17 notably decreased all these markers upon treatment (Figure 6D-E). 

Altogether, these results suggest that inhibition of ATX by Cpd17 treatment leads to reduced 

liver inflammation and fibrogenesis in a CCl4-induced liver injury mouse model. 
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Figure 6: Cpd17 ameliorated CCl4 induced acute liver injury. A) Schematic showing CCl4-mediated 
liver disease induction and Cpd17 treatment regimen. B) Liver weight to total body weight ratio from 
control (n = 5), CCl4 (n = 5) and CCl4 + Cpd17 (n = 4) mice. C) Serum ALT levels from control (n = 5), CCl4
(n = 5) and CCl4 + Cpd17 (n = 4) mice. D, E) Representative images (scale = 100 µm) (D) and quantitative 
analysis (E) of liver sections from control (n = 5), CCl4 (n = 5) and CCl4 + Cpd17 (n = 4) mice and stained 
with H&E, collagen-I and F4/80. Bars represent the mean ± SEM. Statistical analysis was performed by 
one-way analysis of variance (ANOVA) with Bonferroni post hoc test. #P < 0.05, ###P < 0.001 denotes 
signifi cance versus control (healthy mice); **P<0.01, ***P<0.001, P = 0.098 or P = 0.08 



193

A type IV autotaxin inhibitor ameliorates acute liver injury and nonalcoholic steatohepatitis

7

Cpd17 ameliorates liver fibrogenesis and inflammation in 
methionine choline-deficient (MCD)-diet-induced NASH mouse 
model 
Next, we investigated the therapeutic efficacy of Cpd17 in vivo in a methionine- and 

choline-deficient (MCD)-diet induced NASH mouse model (Figure 7A). Morphological 

examination of the liver tissues directly after sacrificing, showed a distinctly visible pale and 

gross appearance suggesting hepatocellular damage in MCD-diet induced NASH mice as 

compared to the healthy control group; treatment with Cpd17 improved this appearance 

considerably (Figure 7B). Moreover, plasma ALT levels were significantly reduced in mice 

treated with Cpd17 compared to MCD-diet-fed NASH mice, further suggesting Cpd17 

significantly improved liver function (Figure 7C). Total plasma cholesterol and triglyceride 

levels, indicators for liver steatosis (or NAFLD), increased significantly upon MCD diet-

induced NASH were significantly decreased upon treatment with Cpd17 (Figure 7C). 

Furthermore, we found that treatment with ATX inhibitor Cpd17 ameliorated hepatic 

inflammation and steatosis, as examined by H&E and Oil-red-O staining respectively 

(Figure 7D-E). Additionally, the MCD-diet feeding resulted in increased intrahepatic protein 

expression of F4/80 (macrophage marker) and collagen I, compared to controls, as examined 

by immunostaining (Figure 7D-E). Strikingly, in vivo treatment with our ATX inhibitor led to 

a significantly decreased protein expression of both collagen I and F4/80, as shown in the 

microscopic images and quantitative staining analysis.

Moreover, total collagen content in the livers was evaluated through hydroxyproline assay 

that further confirmed an increased total collagen I concentration in MCD-livers, which was 

decreased in Cpd17 treated mice (Figure 7F). 

In addition, quantitative PCR revealed a decrease upon Cpd17 treatment in inflammatory 

markers F4/80, CCL2 and intracellular cell adhesion molecule (iCAM1), HSC specific marker 

α-SMA and liver steatosis marker CCAAT-enhancer-binding proteins (C/EBP) [44] (Figure 

EV4).
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Figure 7: Cpd17 attenuated steatosis, infl ammation and fi brosis in MCD-diet-induced NASH mice. 
A) Schematic showing NASH induction and Cpd17 treatment regimen. B) Representative macroscopic 
images of livers from control (n = 5), MCD (n = 6) and MCD + Cpd17 (n = 6). C) Serum ALT, serum 
cholesterol and serum triglyceride levels in control (n = 5), MCD (n = 6) and MCD + Cpd17 (n = 6) mice. D, 
E) Representative images (scale = 100 µm) (D) and quantitative analysis (E) of liver sections from control 
(n = 5), MCD (n = 6) and MCD + Cpd17 (n = 6) mice stained with H&E, oil-red-O and Collagen I. F) Liver 
hydroxyproline levels as assessed in livers from control (n = 5), MCD (n = 6) and MCD + Cpd17 (n = 6) 
mice. Bars represent mean ± SEM. Statistical analysis was performed by one-way analysis of variance 
(ANOVA) with Bonferroni post hoc test. #P < 0.05, ##P < 0.01, ###P<0.001 denotes signifi cance versus 
control (healthy mice); *P < 0.05, *P<0.01, ***P<0.001 denotes signifi cance versus MCD-diet-fed mice.
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Cpd17 differentially regulates downstream signaling in vivo
Finally, we investigated the mechanism of Cpd17 in vivo in both MCD-diet- and CCl4-

induced liver disease models. In line with our in vitro analysis, we analyzed ERK, AKT and 

RhoA signaling pathways. It is important to note that these signaling pathways are involved 

in several cellular processes independent of ATX signaling, and analysis of the in vivo results 

can be challenging. Cpd17 significantly decreased ERK activation in both animal models 

(Figure EV5), consistent with the in vitro results (Figure 5C), but did not result in significant 

changes in pAKT activation in vivo (Figure EV5). The levels of phospho-Myosin Light Chain 

2 (pMLC2) to monitor RhoA pathway activation showed an increase in MCD mice, which 

was reduced to control levels following Cdp17 treatment; however, both changes were 

marginally not significant (Figure EV5A). These results confirm that Cpd17 affects in vivo the 

same disease-relevant pathways as it affects in vitro and its mode of action. 

Discussion
The ATX/LPA signaling axis has previously shown to be involved with the initiation and 

progression of liver diseases [26-31]. Here, we show significant upregulation of ATX gene and 

protein expression in human liver NASH and cirrhosis patients, which we recapitulated in 

CCl4-induced liver injury and MCD diet-induced NASH mouse models. Having confirmed and 

strengthened the connection between ATX and liver disease, we evaluated the therapeutic 

efficacy of Cpd7 in different cell types using different read-out parameters and in vitro assays. 

Initial studys were performed with different concentrations (100 nM to 5 µM) of Cpd17 based 

on which an optimal concentration of 1 µM was selected for further in vitro studies. This 

aligns with previous reports where other ATX inhibitors have been tested in vitro [45, 46]. We 

showed that a (yet unexplored) type IV ATX inhibitor Cpd17 at 1 µM concentration, compared 

with previously reported type I ATX inhibitor PF8380, possess stronger inhibitory effects in 

a variety of in vitro assays in hepatocytes, pro-inflammatory macrophages and activated 

HSCs. We found that ATX inhibition by Cpd17 attenuated TGFβ-induced expression of 

fibrotic markers in human HSCs, and LPS/IFNγ-stimulated expression of inflammatory 

markers in both mouse and human macrophages. We also showed a decrease in collagen I 

contraction of HSCs upon ATX inhibition, a measure of functional cellular activation [47], and 

decreased migration of activated HSCs and macrophages. LPA via Gα(12/13) activates RhoA 

kinase pathway by which it regulates HSCs morphology by organizing the actin cytoskeleton 

thereby HSCs-ECM interaction and HSCs contraction thus fibrotic phenotypes [43]. While 

examining the effect of Cpd17 and PF8380 on ATX/LPA-related downstream signaling, we 

evidenced that they notably affected the RhoA pathway both in vitro and in vivo. We also 

showed broader effects through the MAPK/ERK and AKT/PKB pathways, and that these 
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signals go through LPA receptors. We thus establish that the mechanisms underlying the 

ATX inhibition, using a type IV inhibitor, have an effect on downstream signaling processes 

that influence inflammation and fibrogenesis.

The cell-based assays clearly demonstrated that Cpd17 has a notably better potential in 

ameliorating fibrotic phenotypes and downstream signaling responses, compared to 

PF8380, which had already shown effectiveness in attenuating CCl4-induced liver cirrhosis 

[32]. PF8380 is a so-called type I inhibitor of ATX, which affects LPC hydrolysis to the 

signaling LPA molecule. However, the type I inhibitor PF8380 does not occupy the allosteric 

tunnel of ATX that leads to activity modulation [48] and has been suggested to be implicated 

in presenting LPA to its cognate GPCRs [49]. In contrast, Cpd17 [36] is a type IV inhibitor that 

prevents substrate binding and also occupies the ATX tunnel. Cpd17 is structurally (but not 

chemically) related to GLPG1690 [24], which has shown promise in treating IPF [50]. 

Based on our in vitro results, we further evaluated ATX inhibition by Cpd17 in vivo in acute 

liver injury and NASH mouse models. We used the CCl4-induced liver fibrosis model [51] and 

the MCD-diet-induced NASH mouse model [52] which showed characteristic hepatocytes 

damage and/or lipid accumulation, accompanied by intra-hepatic inflammation and 

fibrosis, as reported previously [53]. Cpd17 has an effect both on MCD diet-induced hepatic 

steatosis, and in the CCl4-induced liver injury model. These results are in accordance 

with the previous study in which adipose-specific ATX deficiency exhibited reduced lipid 

accumulation and hepatic steatosis associated with high-fat diet, while ATX overexpression 

was found to aggravate steatosis [54]. Interestingly, previous studies with the potent Ex_31 

inhibitor had no effect on CCl4-induced liver fibrosis and choline-deficient amino acid-

defined diet-induced liver injury [34]. PAT-505, a type III ATX inhibitor, showed reduced 

fibrosis development in a high-fat diet-induced NASH mouse model with no significant effect 

on steatosis, inflammation, or hepatocyte ballooning [33]. Moreover, inhibition by PF8380 in 

CCl4-induced liver disease models has shown to reduce plasma ATX activity and liver LPA 

levels by approximately 50%, and attenuate fibrosis-based on histopathological scoring and 

collagen deposition in the liver [32]. Based on our results, ATX inhibition by Cpd17 showed 

protection against CCl4-induced acute liver injury, and decreased steatosis, inflammation, 

and fibrosis in the NASH mouse model. 

The analysis of the signaling pathways examined in vitro were largely consistent with in vivo. 

Cdp17 significantly decreased pERK signaling in both animal models, and also decreased 

the pMLC marker of RhoA signaling back to physiological levels, albeit the latter change was 

marginally not statistically significant (p=0.07). Curiously, pAKT levels showed contradicting 

results upon Cpd17 treatment in vitro (decrease) and in vivo (increase). However, pAKT/AKT 
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levels are differentially regulated in different cell types during liver injury and regeneration. 

On one hand, AKT activation improves hepatic regeneration, and is involved in restricting 

pro-inflammatory and promoting anti-inflammatory responses via negative regulation of TLR 

and NF-κB signaling in macrophages [55]; on the other hand, PI3K/AKT pathway blockade in 

HSCs has been shown to suppress fibrotic responses by inhibiting HSCs proliferation and 

collagen synthesis [56]. Interestingly, the ERK-AKT axis has been suggested to act as a switch 

regulating liver regeneration or fibrosis via liver sinusoidal endothelial cells (LSECs)-HSCs 

communication [57]. Thus, the expected effect of Cpd17 through LPA-mediated signaling, 

is likely masked by the effect of other relevant regulatory pathways in the MAP/AKT signaling 

pathway which affect differentially different cell types in the liver. 

The excellent in vitro and in vivo efficacy of Cpd17 in liver disease models, together with 

GLPG1690 efficacy in treating IPF, argue that Type IV compounds are very promising agents 

in treating fibrotic diseases and possibly other pathologies related to the LPA/ATX axis. It 

must be noted, though, that the phase III Isabella trial for GLPG1690 was terminated due 

to adverse effects. Detailed results from the Isabella trial have not been published to this 

moment and it is thus hard to speculate why it failed. If that was due to the off-target effects 

of the specific compound, this suggests a need to assess alternative chemical scaffolds like 

Cpd17. 

Based on the results in this study, we have clearly demonstrated the role of the ATX-LPA axis 

in NASH and liver cirrhosis. We have also shown that inhibition of ATX, using a type IV inhibitor 

Cpd17, ameliorates fibrosis, inflammation, and steatosis in HSCs and macrophages in vitro, 

as well as in NASH and liver cirrhosis mouse models. We also note that while Cpd17 clearly 

effects phenotypes relevant to fibrosis in liver cells, it cannot be excluded that its therapeutic 

potential in vivo, might be related to an interplay with the immune system, and specifically 

with the infiltration of T-cells, as recently shown in a tumor model [12]. Regardless, type IV 

ATX inhibitors have clear promise in non-alcoholic steatohepatitis and liver cirrhosis. Further, 

our results also suggest it is worth exploring the role of the ATX/LPA axis and the effect of its 

inhibition in models of liver cancer, with potential therapeutic opportunities for HCC. 
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Materials and methods
Transcriptomic analysis. 
For ATX (ENPP2) analysis in human tissues, the transcriptomic datasets of liver tissue from 

patients with liver cirrhosis (GSE14323), and non-alcoholic steatohepatitis (GSE63067), 

from the National Center of Biotechnology Information Gene Expression Omnibus database 

(NCBI-GEO) were analyzed using GEO2R.

Cell Lines. 
Human hepatic stellate cells (LX2 cells), provided by Prof. Scott Friedman (Mount Sinai 

Hospital, New York, NY, USA), were cultured in DMEM-Glutamax medium (Invitrogen, 

Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Lonza, Verviers, 

Belgium) and antibiotics (50U/mL Penicillin and 50µg/mL streptomycin, Sigma, St. Louis, 

MO, USA). Murine RAW 264.7 macrophages and human THP1 monocytes, obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA), were cultured in Roswell Park 

Memorial Institute (RPMI) 1640 medium (Lonza) supplemented with 10% FBS (Lonza), 2mM 

L-glutamine (Sigma) and antibiotics. Human HepG2 cells (ATCC) were cultured in DMEM-

high glucose medium (Lonza) supplemented with 10% FBS and antibiotics. All the cell lines 

used in this study were authenticated with STR profiling and were tested regularly for the 

absence of mycoplasma contamination by PCR.

AKT and ERK phosphorylation by Western blotting. 
100,000 LX2 or 20,000 RAW cells were seeded in 6- and 12-well tissue culture plates and 

allowed to grow for 24h in DMEM (GIBCO, Life Technologies) containing 10% FBS and 

antibiotics, containing 5ng/mL TGFβ (for LX2 cells), or 100ng/mL LPS and 10ng/mL IFNγ 

(for RAW cells). Next, they were washed twice with PBS and serum starved overnight. Mixes 

with 1μM 18:1 LPC, 1μM 18:1 LPA, 20nM ATX, 1μM PF8380, 1μM Cpd17, or 1μM Ki16425 

were incubated for 30min in serum-free medium containing 0.05% (w/v) fatty acid-free 

BSA (total volume 1mL). Medium from the plates was removed and replaced with 1mL of 

ATX-inhibitor mixture. Cells were stimulated for 10min, medium was removed, and plates 

were immediately frozen on dry ice and stored at −80°C. For Western blotting, cells were 

lysed in RIPA buffer, supplemented with protease inhibitors (Pierce), 20mM NaF and 1mM 

Orthovanadate, and spun down. Protein concentration was measured using a BCA protein 

assay kit (Pierce). LDS sample buffer (NuPAGE, Invitrogen) and 1mM dithiothreitol (DTT) 

were added to the lysate. 20μg total protein were loaded on SDS-PAGE precast gradient gels 

(4–12% Nu-Page Bis-Tris, Invitrogen), followed by transfer to nitrocellulose membrane. Non-
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specific protein binding was blocked by 5% BSA in PBS-Tween (0.1%); primary antibodies 

(Appendix Table S1). They were incubated overnight at 4°C in PBS-tween with 5% BSA, 

containing 0.1% NaN3. Blots were then incubated for 1h at RT with monoclonal anti-β-actin 

antibody prepared in PBS-tween with 5% skimmed milk containing 0.1% NaN3. Horseradish 

peroxidase-conjugated secondary antibodies (Supplementary Table 1) were incubated for 

1h at room temperature in PBS-tween with 2.5% BSA and developed using ECL Western blot 

reagent (Thermo Scientific). 

Rho GTPase Biosensor. 
A FRET pair consisting of RhoA-Cerulean3 and PKN fused to circularly permuted Venus 

was used [58]. The CRIB domain of PAK and HR1 region of PKN were used as the effector 

domain for activated Rac1/Cdc42 and RhoA, respectively. Experiments were performed 

in HEPES-buffered saline (containing 140mM NaCl, 5mM KCl, 1mM MgCl2, 1mM CaCl2, 

10mM glucose, 10mM HEPES), pH 7.2, at 37°C. Cells were allowed to adhere overnight 

on uncoated coverslips, after which they were serum-starved and transfected with the 

indicated biosensor for 24h. Next, the coverslips were placed on a thermostatted (37°C) 

inverted Nikon Diaphot microscope and excited at 425nm. Donor and acceptor emission 

were detected simultaneously with two photomultipliers, using a 505nm beam splitter 

and optical filters: 470 ± 20nm (CFP channel) and 530 ± 25nm (YFP channel). The emission 

data were analyzed using the Fiji software and normalized to control cells. At least three 

independent experiments were analyzed for every condition (10 fields of view/condition, 3–5 

cells/field of view, >30 cells/condition). FRET was expressed as the ratio between acceptor 

and donor signals, set at 1 at the onset of the experiment. 

Surface biotin labeling. 
For LPA1-HA internalization, LX2 cells were grown on 6-well plates 24h, medium was 

overnight in serum-free DMEM medium, LPA1-HA was overexpressed in LX2 cells upon 

transfection with Fugene6 at a 1:3 (μg/mL) ratio overnight. Between each of the previous 

steps, cells were washed twice with PBS. For LPA1-HA internalization, cells were stimulated 

with the indicated reagents serum-free DMEM containing 0.1% fatty acid-free BSA for 15min. 

Next, the cells were transferred to ice, washed in ice-cold PBS, and surface labeled with 

0.2mg/mL Sulfo-NHS-SS-Biotin (Thermo Scientific) for 30min. Biotin-labeled LPA1-HA was 

detected using streptavidin beads (Pierce) and conjugated anti-HA antibody (3F10 from 

Roche Diagnostics; 1:1000). 
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Effect of ATX inhibitors on lipid biogenesis in human hepatocytes 
(HepG2 cells). 
HepG2 cells were treated with palmitate (0.2mM) in complete culture medium, 

supplemented with 1% BSA, with and without PF8380 or Cpd17 (1µM) for 48h. Thereafter, 

cells were washed twice with PBS, and either lysed with RNA lysis buffer or fixed and stained 

using an Oil-red-O staining kit (Sigma) as per manufacturer’s instructions. 

Effects of ATX inhibitors on macrophages. 
Mouse RAW macrophages or human THP1 monocytes (with 50ng/mL phorbol 12-myristate 

13-acetate, PMA, Sigma) were plated in 12-well plates (5x105 cells/mL) and incubated 

overnight. They were then incubated with cell medium alone, M1 stimulus (100ng/mL LPS 

and 10ng/mL IFNγ) and M2 stimulus (10ng/mL IL-13 and 10ng/mL IL-4), with or without 1µM 

of PF8380 or Cpd17 for 24h. For wound healing analyses, a 200µL pipet was used to make 

a scratch on the surface of the cells. Pictures were taken at 0h and 24h after incubation 

with transmitted light microscopy. Afterwards, cells were lysed with an RNA lysis buffer for 

quantitative real-time PCR analyses. 

The effect of ATX inhibitor Cpd17 on human LX2 cells. 
Cells were seeded in 12-well plates (1x105 cells/ml) or 24-well plates (6x104 cells/ml) and 

cultured overnight. To study the effect of the inhibitor, cells were starved with serum free 

medium overnight, and then treated with medium alone or 5ng/ml human recombinant 

TGFβ with or without 1µM PF8380 or Cpd17. A 200µL pipet tip was used to create a scratch 

in the cell monolayer (12-well plates). Images were taken at 0h and 24h after the scratch 

using transmitted light microscopy (Evos microscope). The percentage of cells migrated 

into the wound was measured by the difference in scratch diameter between 0 and 24h, 

normalized to untreated (control) cells. Thereafter, cells were lysed with RNA lysis buffer to 

perform quantitative real-time PCR analysis. In addition, cells (24 well plates) were fixed with 

acetone: methanol (1:1) solution, dried and stained for collagen I and α-SMA. 

3D-collagen I contraction assay. 
3D-collagen I gel contraction assay has been done as described earlier [59]. Briefly, a 5.0mL 

collagen suspension with 3.0mL collagen G1 (5mg/mL, Matrix biosciences, Morlenbach, 

Germany), 0.5mL 10x M199 medium (Sigma), 85µL 1N NaOH (Sigma) and 1.415mL of sterile 

water was prepared. This suspension was mixed with 1mL (2x106) LX2 cells. 0.6 mL of the 

collagen-gel suspension was plated in a 24 well plate and incubated at 37°C/5%CO2 for 1h. 
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Polymerized gels were then incubated with serum-free medium with or without TGFβ (5ng/

mL) together with 1µM of PF8380 or Cpd17. Thereupon gels were detached from the bottom 

of the culture wells. Pictures were taken with a digital camera at 0h and 24h. The area of the 

gel was digitally measured and normalized to the area of the inner size of the well in each 

image. 

Animal Experiments. 
All the animal experiments performed in this study were in accordance with the guidelines 

and regulations for the Care and Use of Laboratory Animals, Utrecht University, The 

Netherlands. The protocols were approved by the Institutional Animal Ethics Committee of 

the University of Twente, The Netherlands. 8-week-old male C57BL/6NRj mice purchased 

from Janvier Inc. Labs (Le Genest, St. Isle, France), were housed in standard SPF conditions 

in a Tecniplast IVC system (cage type 2L, blue line). 

For the carbon tetrachloride (CCl4)-induced acute liver injury model, male C57BL/6NRj 

mice were treated with a single intraperitoneal injection of olive oil (Sigma) or CCl4 (Sigma, 

0.5ml/kg in olive oil) at day 1. At day 2 and day 3, CCl4-treated mice received intraperitoneal 

administration of 5mg/kg Cpd17 or vehicle treatment (n=5 per group). On day 4, all mice 

were sacrificed, blood and livers were collected for subsequent analysis. For the methionine 

and choline deficient (MCD) diet-induced NASH model, C57BL/6NRj mice were fed with a 

standard chow or MCD diet for 7 weeks. Starting at week 5, the mice received intraperitoneal 

administrations of 5mg/kg Cpd17 or vehicle treatment 2 times per week, for a duration of 

3 weeks, n=6 per group. All mice were sacrificed 24h after the last treatment, blood and 

livers were collected for further analysis. Alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), total plasma cholesterol levels and plasma triglycerides levels were 

measured by standard automated laboratory methods.

Hydroxyproline assay.
Total liver hydroxyproline concentration was determined using a hydroxyproline assay 

(Sigma), a commonly used method for quantifying total collagen content, according to 

manufacturer’s instructions. In short, 10mg liver tissue was homogenized in 100µL MilliQ, 

with a mechanical homogenizer (Ultra-Turrax, IKA), and transferred to a pressure-tight 

polypropylene vial with PTFE-lined cap. 100µL concentrated hydrochloric acid (12M) was 

added, the vials capped tightly, and samples were hydrolyzed at 95°C for 24h. Thereafter, 

samples were centrifuged at 10,000 x g for 3min. 50µL of supernatant was transferred to a 

96 well plate, which was allowed to dry at 60°C overnight. To each well, 100µL of Chloramine 



202

Chapter 7

T/Oxidation buffer mixture was added and incubated for 5min. Thereafter, 100µL of 

p-Dimethylaminobenzaldehyde (DMAB; Ehrlich’s Reagent) diluted with perchloric acid/

isopropanol solution was added to each well and incubated for 90min at 60°C. Absorbance 

was measured at 560nm and results quantified using known standard.

Immunohistochemistry. 
Liver tissues were harvested and transferred to Tissue-Tek optimum-cutting temperature 

(O.C.T) embedding medium (Sakura Finetek, Torrance, CA, USA), and snap-frozen in 1-methyl 

butane chilled on dry ice. Cryosections (7µm) were cut using a Leica CM 3050 cryostat (Leica 

Microsystems, Nussloch, Germany). The sections were air-dried and fixed with acetone for 

20 min. Cells or tissue cryosections were rehydrated with PBS and incubated with the primary 

antibody (Appendix Table S2) for 1h at room temperature or at 4°C overnight. Formalin-

fixed paraffin embedded (FFPE) sections were deparaffinized in xylene, and rehydrated in 

graded ethanol, and distilled water. Antigen retrieval was achieved by overnight incubation 

at 60°C in 0.1M Tris/HCl buffer (pH 9.0) followed by the overnight incubation with the primary 

antibody. For tissue sections, endogenous peroxidase activity was blocked by 3% H2O2 

prepared in methanol for 30min. Cells or sections were then incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibody for 1h at room temperature and thereafter 

incubated with HRP-conjugated tertiary antibody for 1h at room temperature. Thereafter, 

peroxidase activity was developed either using AEC (3-amino-9ethylcarbazole) substrate kit 

(Life Technologies, Carlsbad, CA, USA) for the cryosections or DAB (3,3’-Diaminobenzidine) 

substrate kit (Pierce, Thermo Scientific) for the FFPE sections for 20min, and nuclei were 

counterstained with hematoxylin (Sigma). Cells or sections were mounted in Aquatex 

mounting medium (Merck, Sigma) for cryosections or VectaMount (VectorLabs) for FFPE 

sections following dehydration in graded ethanol. The staining was visualized, and images 

were captured using light microscopy (Nikon eclipse E600 microscope, Nikon, Tokyo, Japan). 

Furthermore, sections were scanned using Hamamatsu NanoZoomer Digital slide scanner 

2.0HT (Hamamatsu Photonics, Bridgewater, NJ, USA). 

Immunofluorescence. 
Cells were fixed with acetone: methanol (1:1) and air-dried for 20min. The cells were 

rehydrated with cold PBS and incubated with collagen I primary antibody (1:100) for 1h at 

room temperature. Cells were then incubated with Alexa-488-labeled secondary antibody 

(1:100) for 1h at room temperature. Thereafter, the cells were fixed with DAPI-containing 

antifade mounting medium (Merck, Sigma). The staining was visualized, and images were 

captured using fluorescence microscopy (Evos). 
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Oil-Red-O staining. 
Oil-Red-O stock solution was prepared by dissolving 0.3g Oil-Red-O (Sigma) in 100mL of 

isopropanol. Sections were fixed in 4% formalin for 20min and then stained with Oil-Red-O 

as per manufacturer’s instructions. Briefly, formalin-fixed sections were rinsed with 60% 

isopropanol followed by staining with freshly prepared Oil-Red-O working solution for 15min. 

Thereafter, sections were rinsed with 60% isopropanol and nuclei were counterstained 

with hematoxylin (Fluka Chemie, Sigma). Finally, sections were washed with tap water and 

mounted with Aquatex mounting medium (Merck, Sigma).

Hematoxylin and Eosin staining. 
Sections were fixed with 4% formalin for 20min and then rinsed with distilled water. The 

sections were incubated with hematoxylin for 15min followed by washings with tap water. 

Thereafter, sections were incubated with eosin solution for 1.5min followed by washing 

in 96% ethanol, dehydration with ethanol and were mounted with VectaMount mounting 

medium (Vector Laboratories, Burlingame, CA).

Quantitative histological analysis. 
For quantitative histological analysis, high resolution scans were viewed using NanoZoomer 

Digital Pathology (NDP2.0) viewer software (Hamamatsu Photonics. About 20 images 

(100x) of each entire section (from NDP) were imported into ImageJ and were analyzed 

quantitatively at a fixed threshold. All the primary antibodies used in this study have been 

pre-tested for specificity. The staining performed in the study included the negative control 

(without primary antibody) to confirm the specificity of the staining and showed no non-

specific staining.

RNA extraction, reverse transcription, and quantitative real time 
PCR. 
Total RNA from cells and liver tissues was isolated using GenElute Total RNA Miniprep 

Kit (Sigma) and SV total RNA isolation system (Promega Corporation, Madison, WI, USA), 

respectively, according to manufacturer’s instructions. The RNA concentration was 

quantified with a UV spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). 

Total RNA (1µg) was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, 

Hercules, CA, USA). All primers were purchased from Sigma-Genosys (Haverhill, UK). Real-

time PCR was performed using 2x SensiMix SYBR and Fluorescein Kit (Bioline, QT615-05, 

Luckenwalde, Germany), 20ng cDNA and pre-tested gene-specific primer sets (listed in 
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Appendix Table S3). The cycling conditions for the BioRad CFX384 Real-Time PCR detection 

system was 95°C for 10min, 40 cycles of 95°C/15s, 72°C/15s, and 58°C/15s. Finally, cycle 

threshold (Ct) values were normalized to reference gene GAPDH or 18S and fold changes in 

expression were calculated using the 2-ΔΔCt method.

Study design and statistics of animal experiments. 
No statistical methods were used to predetermine sample size. At least 5 animals were used 

per group in all animal experiments. Animals were allocated into groups randomly, and the 

handling, harvest, and analysis of animals were blind to reduce subjective bias. No inclusion 

or exclusion criteria were conducted on the animals.

Statistical analysis. 
All data is presented as the mean ± standard error of the mean (SEM). The graphs and 

statistical analyses were performed using GraphPad Prism version 9.1.2 (GraphPad Prism 

Software, Inc., La Jolla, CA, USA). Comparisons with control groups were analyzed using 

unpaired students’ t-test and/or multiple comparisons between different groups were 

performed by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison 

or Bonferroni post-hoc test. The differences were considered statistically significant as 

follows: *p <0.05, **p<0.01 and ***p<0.0001. All experiments were performed at least three 

times independently.
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Expanded view Figures 
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Figure EV1: Cpd17 and PF8380 inhibit ATX activity over different LPC species. (A) Cpd17 and (B) 
PF8380 were incubated with 20nM ATX for at least 30 min, upon which mixes were added to plates 
containing LPC and the reaction buffer for detection of choline release. Reaction kinetics were followed 
over time. Activity slopes were quantitated by linear regression and plotted versus LPC concentration. 
Bars represent mean Data represent mean ± SD, n = 3. Quantitation of the type of inhibition was performed 
by comparison of non-linear regressions to competitive and non-competitive modes of inhibition.
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Figure EV2: The ATX/LPA pathway related genes (ENPP2 and LPAR1-6 ) are upregulated in activated 
LX2 cells and pro-inflammatory RAW264.7 macrophages. Relative LPAR1-6 and ENPP2 gene 
expression (normalized with GAPDH) in TGFβ activated LX2 cells versus control (top, n=3) and in LPS/
IFNγ stimulated M1 RAW264.7 macrophages versus control (bottom, n=3). Bars represent mean ± SEM. 
Statistical analysis was performed by two-tailed students t-test with Welch’s correction. Results are 
normalized with respective control (non-activated/unstimulated) cells depicted by dashed lines in both 
graphs. *P < 0.05, **P<0.01, ***P<0.001 denotes significance versus control, ns = non-significant.
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Figure EV3: ATX inhibition by Cpd17 resembles antagonism of LPA1 by Ki16425. A) Schematic 
procedure of LPA1 internalization assay for quantitation of surface localization. Data shown in Figure 
5D. B) Representative Western-blot images and quantitation of pAKT normalized to β-actin. Serum-
starved TGFβ-activated LX2 cells and M1 (LPS + IFNγ)-polarized RAW264.7 macrophages were treated 
for 10 min with the stimulants as indicated in the graphs. Bottom plots show the quantitation of RhoA 
activation from time-course stimulation of activated and serum-starved LX2 and M1-polarized RAW264.7 
macrophages. RhoA activation is measured as a YFP/CFP fl uorescent ratio. Bars represent the mean ± 
SEM, n = 3. Statistical analysis was performed by one-way analysis of variance (ANOVA) with Bonferroni 
post-hoc test; #P < 0.05 denotes signifi cance versus control (non-stimulated cells); *P < 0.05, **P < 0.01, 
***P < 0.001 denotes signifi cance versus ATX + LPC treated cells. ns = non-signifi cant.
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Figure EV4:. Effect of Cpd17 on NASH related genes in MCD-mouse model. Relative F4/80, CCL2, 
iCAM, α-SMA and C/EBP gene expression levels (normalized with GAPDH) from control (n = 5), MCD (n = 
6) and MCD+Cpd17 (n = 6) treated mice. Bars represent Mean ± SEM.
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Figure EV5: Cpd17 diff erentially regulate downstream signalling in vivo in MCD-diet-induced NASH 
mouse model and in CCl4-induced liver injury mouse model. (A) Representative Western-blot images 
and quantitation of pERK, pAKT, pMLC2 normalized to ERK, AKT or β-actin derived from control (n=5), MCD 
(n=6) and MCD+Cpd17 (n=6) mouse livers. (B) Representative Western-blot images and quantitation of 
pERK normalized to ERK or β-actin derived from control (n=5), CCl4 (n=5) and CCl4+Cpd17 (n=4) mouse 
livers. Bars represent mean + SEM. Statistical analysis is performed by one-way ANOVA with Bonferroni 
post-hoc test. #P<0.05, P = 0.07, P = 0.06 denotes signifi cance versus control (chow diet-fed healthy 
group); *p<0.05, **p<0.01 denotes signifi cance versus MCD-diet-fed NASH or CCl4 group.
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Appendix
Appendix Table 1: Antibodies used for western blotting.

Primary antibody Source Dilution 
phospho-Akt (Ser473) #9271 Cell Signaling Technology 1:1000 
AKT #9272 Cell Signaling Technology 1:1000 
Phospho-p44/42 MAPK (p-Erk1/2) (Thr202/Tyr204) #9101 Cell Signaling Technology 1:2000 
p44/42 MAPK (Erk1/2) #9102 Cell Signaling Technology 1:2000 
Phospho-Myosin light chain 2 (Thr18/Ser19) #3674 Cell Signaling Technology 1:1000 
monoclonal anti-β-actin (clone AC-15) Sigma 1:10000 
Secondary antibody Source Dilution 
Goat anti-mouse Bio-Rad 1:5,000 
Goat anti-rabbit Pierce 1:5,000 

 
Appendix Table 2: Antibodies used for the immunostaining.

Primary antibody Source Dilution 
Polyclonal goat anti-Collagen I Southern Biotech 1:100 
Rat anti-mouse F4/80 Bio-Rad 1:100 
Anti-ENPP2 antibody produced in rabbit Sigma 1:100 
Secondary antibody Source Dilution 
HRP-conjugated goat anti-rabbit IgG DAKO 1:100 
HRP-conjugated rabbit anti-goat IgG DAKO 1:100 
HRP-conjugated goat anti-rat IgG DAKO 1:100 
Donkey anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific 1:200 
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Appendix Table 3: Sequence of the primers used for quantitative real-time PCR.

Gene Forward primer sequence Reverse primer sequence Accession no. 

Mouse Primers 
ENPP2 AGAGGAAGTCAGCAGACCCA ACCTTATCATCACAGGTGCAG NM_001136077.3 
CCl2 GTGCTGACCCCAAGAAGGAA GTGCTGAAGACCTTAGGGCA NM_011333.3 
iNOS GGTGAAGGGACTGAGCTGTT GCTACTCCGTGGAGTGAACAA NM_010927.4 
TNFα AGGCTGCCCCGACTACGTGC CAGCGCTGAGTTGGTCCCCC NM_013693.2 
IL-1b GCCAAGACAGGTCGCTCAGGG CCCCCACACGTTGACAGCTAGG NM_008361.3 
F4/80//mEMR1  TGCATCTAGCAATGGACAGC GCCTTCTGGATCCATTTGAA NM_010130.4 
iCAM TTCTCATGCCGCACAGAACT TCCTGGCCTCGGAGACATTA NM_010493.3 
α-sma/ACTA2 ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA NM_007392.2 
C/EBP TTGATGCAATCCGGATCAAACG CAGTTACACGTGTGTTGCGTC NM_001287738.1 
18s rRNA AACTTTCGATGGTAGTCGCCGT TCCTTGGATGTGGTAGCCGTTT NR_003278.3 
GAPDH ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG NM_008084.2 
LPAR1 TCGCCTTCTTTTATAACCGG TGATGCCCAGTCCCATC NC_000070.7 
LPAR2 GACCACACTCAGCTAGTCAAG CTTACAGTCCAGGCCATCCA NC_000074.7 
LPAR3 TAACTCCCTGGTCATTGCTG TTCCGGCGAAATCC NC_000069.7 
LPAR4 CAGTGCCTCCCTGTTTGTCTTC GAGAGGGCCAGGTTGGTGAT NC_000086.8 
LPAR5 ACTCCACGCTGGCTGTATATG GRAGCCAAAGGCCTGGTATTC NC_000072.7 
LPAR6 ACAGTGATGGGAGGAAGTGC CCGCTGGAAAGTTCTCAAAG NC_000080.7 
Human Primers 
CCl2 GATCTCAGTGCAGAGGCTCG TTTGCTTGTCCAGGTGGTCC NM_002982.3  
iNOS CGCAGAGAACTCAGCCTCAT TGCCTTGAGAACTTCGGGAC NM_000625.4 
IL-6 TGCAATAACCACCCCTGACC ATTTGCCGAAGAGCCCTCAG NM_000600.3 
α-SMA/ACTA2 CCCCATCTATGAGGGCTATG CAGTGGCCATCTCATTTTCA NM_001613.2 
col1a1 GTACTGGATTGACCCCAACC CGCCATACTCGAACTGGAAT NM_000088.3 
PDGFβR CATGGGGGTATGGTTTTGTC GTAAGGTGCCAACCTGCAAT NM_002609.4 
GAPDH TCCAAAATCAAGTGGGGCGA TGATGACCCTTTTGGCTCCC NM_001256799.1 
RPS18 TGAGGTGGAACGTGTGATCA CCTCTATGGGCCCGAATCTT NM_022551.2 
ENPP2 ATTACAGCCACCAAGCAAGG TCCCTCAGAGGATTTGTCAT NC_000008.11 
LPAR1 AATCGGGATACCATGATGAGT CCAGGAGTCCAGCAGATGATA NC_000009.12 
LPAR2 CGCTCAGCCTGGTCAAGACT TTGCAGGACTCACAGCCTAAAC NC_000019.10 
LPAR3 AGGACACCCATGAAGCTAATGAA GCCGTCGAGGAGCAGAAC NC_000001.11 
LPAR4 CCTAGTCCTCAGTGGCGGTATT CCTTCAAAGCAGGTGGTGGTT NC_000023.11 
LPAR5 CCAGCACCTGCTCTTCAC CCAGTGGTGCAGTGCGCGTAGT NC_000012.12 
LPAR6 AAACTGGTCTGTCAGGAGAAG CAGGCAGCAGATTCATTGTCA NC_000013.11 
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AKT, ERK and MLC2 phosphorylation by Western blotting in liver 
tissues. 
For Western blotting, liver tissues were homogenized using an electric homogenizer in cold 

RIPA buffer (5mg/300µL), supplemented with protease inhibitors (Pierce), phospho-stop 

(Roche) on ice. The homogenized tissues were maintained at constant agitation for 1h at 

4°C, and centrifuged for 20min at 12000 rpm/4°C. The clear supernatant were transferred to 

a fresh tube and protein concentration was measured using a BCA protein assay kit (Pierce). 

LDS sample buffer (NuPAGE, Invitrogen) and 1mM dithiothreitol (DTT) were added to the 

lysate. 20μg total protein were loaded on SDS-PAGE precast gradient gels (4–12% Nu-Page 

Bis-Tris, Invitrogen), followed by transfer to nitrocellulose membrane. Non-specific protein 

binding was blocked by 5% BSA in PBS-Tween (0.1%); primary antibodies (Supplementary 

Table 1). They were incubated overnight at 4°C in PBS-tween with 5% BSA, containing 0.1% 

NaN3. Blots were then incubated for 1h at RT with monoclonal anti-β-actin antibody prepared 

in PBS-tween with 5% skimmed milk containing 0.1% NaN3. Horseradish peroxidase 

conjugated secondary antibodies (Supplementary Table 1) were incubated for 1h at room 

temperature in PBS-tween with 2.5% BSA and developed using ECL Western blot reagent 

(Thermo Scientific). 
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Conclusions and Future Outlook
This thesis aimed to uncover cellular mechanisms, identify biomarkers for early disease 

diagnosis, and evaluate novel therapeutic treatment strategies in liver diseases and cancer. 

We described the cellular heterogeneity of fibroblasts and macrophages, highlighting 

differences in single cell secretion profiles across subpopulations, as well as sexual 

dimorphism governing cellular differences in liver diseases. Using liquid biopsies, besides 

circulating tumor cells (CTCs), we identified viable, functional and diverse circulating 

cancer-associated fibroblasts (cCAFs) in metastatic prostate cancer (mCNPC) patients 

and circulating hepatocyte-derived extracellular vesicles (EVs) in patients with liver disease, 

including liver cancer, as potential biomarkers. Lastly, we showed that inhibition of the ATX-

LPA pathway using the ATX inhibitor Cpd17 ameliorated liver diseases in MASLD and acute 

and chronic liver injury mouse models. 

In this outlook chapter, I will share my reflections on the possible impact of these findings on 

future research and the challenges that still need to be overcome to advance this research 

towards real patient impact. 

Unlocking cellular secrets in liver diseases. 
The liver is the largest internal organ, crucial for maintaining metabolic homeostasis, 

synthesizing and decomposing proteins, and detoxifying the human body. It is thereby 

exposed to a large influx of metabolites and toxins from the gastrointestinal tract and 

circulation. Liver diseases can be caused by a variety of pathogenic factors, both internal and 

external, that cause complex pro-inflammatory responses in the liver. This proinflammatory 

microenvironment in the liver is sustained by the continuous crosstalk between the 

hepatocytes and a diverse array of cell populations, including Kupffer cells (KCs, resident liver 

macrophages), infiltrating macrophages, and hepatic stellate cells (HSCs, liver fibroblasts). 

Consequently, the composition of this hepatic microenvironment – influenced by exposure 

to environmental metabolites and toxins, hormonal differences, and genetic predisposition 

- plays a significant role in shaping disease progression, resolution, and outcome [1]. 

Therefore, a deep understanding of how cells communicate and respond to stimuli within 

this hepatic microenvironment is key to uncovering the mechanisms behind liver disease 

pathogenesis and will pave the way for more personalized therapeutic strategies. 

Advances in single cell analysis technologies, including single cell RNA sequencing 

and spatial transcriptomics, have uncovered previously unknown rare cell types and 

cellular subtypes in normal and diseased liver [2]. Moreover, they revealed remarkable 
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cellular heterogeneity, with cells dynamically responding to changes within the hepatic 

microenvironment, resulting in the identification of macrophage and HSC subpopulations 

with distinct functions, phenotype and spatial organization [3, 4]. Building on this, in this 

thesis we utilized the insights gained from single cell analysis technologies to explore 

another critical aspect of cellular behavior: the cellular secretome. 

To study the cellular secretome, we established a detailed protocol focusing on collagen 

I production by single human hepatic stellate cells (LX2). Interestingly, in these LX2 cells, 

we observed considerable variability in collagen I production between individual cells, 

despite these cells being an immortalized cell line frequently used in fibrogenesis studies 

and antifibrotic drug testing [5]. This variability underscores the heterogeneity in protein 

secretion, even within a genetically uniform cell line, emphasizing the importance of studying 

the secretome at the single-cell level. 

Additionally, transforming growth factor-β (TGF-β) induced activation of the individual HSCs 

resulted in a cumulative increase in collagen I secretion, while secretion levels remained 

variable between cells. This suggests that the single cell-secretome is influenced by external 

stimuli, but cellular responses to these stimuli can be heterogeneous. Therefore, studying 

the single-cell secretion response to these stimuli (e.g., novel drugs) could be extremely 

valuable in predicting treatment responses at a single-cell level. 

Next, we set out to apply the insights from the single-cell HSC-secretome to macrophages, as 

macrophages are key cells in the hepatic microenvironment involved in MASH progression. 

Macrophage polarization is influenced by a wide range of external triggers and mediated 

through diverse signaling pathways, and it is often categorized as either pro-inflammatory 

or anti-inflammatory. However, it is far more complex, with cells capable of assuming a wide 

spectrum of states between these extremes [6]. Moreover, macrophages are thought to have 

the ability to transition between activation states – so-called plasticity - depending on the 

microenvironment, resulting in a highly dynamic and adaptable immune response [7]. With 

advances in single cell RNA-sequencing (scRNA-seq) revealing an increasingly complex 

landscape of macrophage subtypes, a critical question arises: do individual macrophages 

possess the capacity to transition across different activation states, or are these specialized 

subpopulations that exist primed for specific functions in response to environmental 

changes?

To begin to address this, we analyzed and compared the single cell secretion profiles of 

four macrophage and monocyte subpopulations from healthy and MASH-affected livers. 

These subpopulations of KCs, infiltrating monocytes, monocyte-derived macrophages 

and lipid-associated macrophages (LAMs), previously identified by others using single cell 
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transcriptomics [4, 8, 9], have unique phenotypes and surface markers which enabled their 

identification and isolation by fluorescence activated cell sorting (FACS). Consequently, we 

analyzed the activation, or polarization, of the four macrophage subpopulations through 

measuring the secretion of TNF-α, IL-1β and IL-10 cytokines from individual cells. These 

findings indicated that in MASH livers, cytokine secretion from single cells is significantly 

altered compared to cytokine secretion from the same subpopulation in the healthy liver, 

suggesting a high degree of plasticity in these cells. In addition, we also observed significant 

heterogeneity between the different macrophage subpopulations in cytokine secretion, in 

cells isolated from MASH and healthy livers. Therefore, the question of macrophage plasticity 

versus heterogeneity might not necessarily be exclusive. While macrophage subpopulations 

may have specific phenotypes and functions, it is possible that within these subpopulations 

some extent of plasticity is still present. Further research, for example by combining single 

cell secretion with fate-mapping, spatial imaging analysis and/or scRNAseq would provide 

fundamental understanding of how, where, and when different macrophage subpopulations 

are formed. 

Previous studies showed that LAMs were closely associated with metabolic diseases, as 

they have a distinct ability to handle lipids and are known to localize around fibrotic areas 

[10]. However, while some studies suggest they aggravate disease progression and liver 

cirrhosis [3], others indicate they help resolve MASLD by engulfing lipids from the MASLD-

affected livers [11]. Within our research, single LAMs isolated from MASH livers secreted 

significantly more pro-inflammatory cytokine IL-1β, while they produced significantly less 

anti-inflammatory cytokine IL-10. In comparison, the largest macrophage subpopulation in 

the liver – the KCs – produced significantly more pro-inflammatory TNFα in MASH per single 

cell, but their IL-1β and IL-10 cytokine production remained unaltered. Thus, while both cell 

types displayed increased pro-inflammatory cytokine secretion in the MASH environment, 

their cellular signaling pathways seem to be different. Therefore, LAMs may potentially be 

interesting therapeutic targets for the treatment of MASH, in situations where targeting KCs 

fails. These observations, however, warrant further investigations by targeting pathways that 

are different in LAMs compared to other macrophages. 

Uncovering cellular secrets by measuring single cell secretion provides valuable insights 

into cellular subpopulations or rare cells that may be overlooked in bulk protein analysis. 

Herein, it would be possible to analyze cellular responses to inhibitors/stimuli or evaluate 

differences between cell types with respect to their secretion. However, the handling of 

these live cells prior to analysis disrupts their spatial organization and potentially induces 

cellular stress, influencing the secretion patterns. Therefore, it is advised to use this method 

comparatively and not as a measure of absolute protein production of single cells. 
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Innovations driving liquid biopsy research.
Liquid biopsies provide a great opportunity for the discovery of biomarkers for early diagnosis, 

disease prognosis and monitoring of the treatment response. Compared to tissue biopsies, 

they are less invasive and give a more well-rounded view of the diseased organ. Compared to 

imaging techniques, traces of disease are detectable in liquid biopsies before lesions can be 

detected through e.g., ultrasound. 

In this thesis, we evaluated circulating CAFs and circulating hepatocyte-EVs as promising 

liquid biopsy-derived biomarkers, each serving distinct but complementary roles. Tissue-

derived EVs have been detected in circulation across various diseases, often appearing 

before visible disease lesions, making them highly promising as early biomarkers of disease. 

In contrast, circulating tumor-derived cells have thus far only been identified in metastasizing 

tumors and need to be furhter investigated in early cancer patients without detectable 

metastasis. Nevertheless, they hold significant potential as prognostic biomarkers, offering 

insights into cancer metastasis, recurrence, and treatment response. 

In solid tumors, CAFs play important roles in tumor invasiveness, protecting the tumor from 

chemotherapeutics and secreting ECM proteins [12]. Moreover, tumor invasiveness and 

metastasis are major hallmarks of cancer, and metastasis constitutes the primary cause 

of death in patients with cancer [13]. Tumors develop metastasis when tumor cells are 

shed from the primary (or metastatic) tumor, released into the bloodstream, and invade 

and proliferate in other tissues (metastatic sites). To survive this journey, these cells have to 

endure pressure in blood vessels, combat/escape/hide from immune cells and acclimate to 

new cellular surroundings in foreign tissue(s). Paget’s “seed and soil” hypothesis suggests 

that tumor cells, or “seeds”, metastasize to specific organ microenvironments, or “soil”, that 

provide ideal conditions for their growth [14]. 

Since fibroblasts are known to support tumor growth thereby providing the “soil”, we believed 

that the CAFs are also shed with the CTCs (“seeds”) in patients with cancer metastasis. 

Indeed, we found viable and functional CAFs in the circulation (cCAFs) of mCNPC patients 

(not correlating with CTCs) indicating that they could be an independent prognostic marker 

for tumor metastasis. Moreover, as CAFs are associated with resistance to treatment, cCAF 

counts in patients might be interesting biomarkers in the surveillance of treatment response 

and resistance. To further support this, others have identified rare clusters of CTCs with 

CAFs, myeloid cells and platelets, which seem to correlate with worse prognosis in breast 

cancer patients [15].
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Interestingly, we identified two single cell subpopulations in our isolated cCAFs - FAP+CD45+ 

and FAP+CD45- cCAFs - with distinctly different morphologies, while both exhibiting fibroblast 

properties such as intercellular vimentin and collagen I. Others previously identified CD45+ 

fibroblast-like cells in circulation, termed fibrocytes [16]. Therefore, we believed that 

these subpopulations might have different origins: FAP+ CD45- cCAFs might be derived 

from resident fibroblasts, while the FAP+ CD45+ cCAFs might originate from recruited bone 

marrow-derived stem cells. On the other hand, a recent study found that CTCs decorated 

with EV-derived CD45, thus termed CD45+ CTCs, were shielded from immune cells and 

exhibited strong metastatic potential [17]. Similarly, the cCAFs might also be decorated 

with CD45+ EVs, which would suggest that these cCAFs may possess enhanced immune 

evasion capabilities, potentially giving them a higher metastatic potential. Understanding 

the differences between these two subpopulations is essential for advancing our knowledge 

of cancer metastasis. To achieve this, their genomic and transcriptomic profiles should be 

mapped using DNA and RNA sequencing. Analyzing potential DNA aberrations in these cells 

will reveal if they possess cancerous features. RNA sequencing will highlight the dysregulated 

genes linked to these cells, providing insights into their role in cancer metastasis. 

The clinical significance of single cCAFs in relation to disease prognosis and metastasis 

needs to be further assessed in larger cohorts. Ideally, these studies should include cancer 

patients at various stages – those without metastasis, those with metastasis to known organs, 

and those who have developed resistance to therapy. This approach could help uncover 

potential correlations between cCAFs and metastasis, metastatic sites, and treatment 

response. Identifying such correlations would represent a significant advancement in 

cancer management, paving the way for more personalized treatment strategies.

In chronic liver diseases and primary liver cancer (HCC), a main challenge remains early 

diagnosis of these diseases. For this, EVs are becoming attractive analytes, as their cargo 

reflects the genomic and transcriptomic states of their parental cells of origin and changes 

in EV composition and number could be detected at early disease stages [18]. Therefore, 

we developed the Mag-Click-Release system for the specific capture and release of 

hepatocyte-EVs from serum of liver disease patients. We successfully isolated hepatocyte-

EVs from serum, with good specificity and purity. Moreover, we observed an increasing 

trend of hepatocyte-EVs associated with disease severity. This technology proved to be 

both versatile and user-friendly, as the capture surface marker can be easily adjusted for 

different experiments. For example, HCC-EVs could be selectively captured using glypican-3 

(GPC3), a marker specific to HCC [19], or different labeled antibodies could be combined to 

capture EVs from multiple origins simultaneously. This adaptability does not compromise 
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the system’s yield or specificity, expanding its potential applications to isolating EVs, cells, 

or other targets (e.g., bacteria, parasites, viral particles) with defined surface markers from 

any body fluid. 

Building on this versatility, a significant challenge in cCAFs analysis is the limited number of 

cells obtained per patient. Isolated cCAFs ranged from 60 to 776 per 2 x 108 mononuclear 

cells, which severely limits their downstream analysis. In the future, the isolation of cCAFs 

could be optimized using the Mag-Click-System with a cCAF-specific marker. While this 

wouldn’t increase the number of circulating CAFs per patient, it would reduce the stress 

these cells experience during FACS-based sorting, as well as the centrifugation and washing 

steps. This gentler approach would improve cell quality, allowing for more downstream 

analysis. Additionally, novel innovations in single-cell multi-omics technologies would 

enable simultaneous analysis of the genome and transcriptome of single cells, which would 

be highly valuable given the limited number of cells that are available [20]. 

In addition to isolating EVs and cells as early diagnostic and prognostic biomarkers, the Mag-

Click-Release system may also offer a valuable opportunity to study disease mechanisms. 

With the ability to selectively isolate EVs using this system, we can examine the effect of 

these EVs on specific cells and tissues in a controlled manner. This approach will provide 

valuable insights into the roles of EVs in circulation, enhancing our understanding of how 

cellular communication through EVs occurs between distant organs. However, before 

proceeding with these studies, it is essential to validate the integrity of the EV cargo after 

Mag-Click-Release, by evaluating their morphology and their mRNA quality. By elucidating 

these mechanisms, we could further explore the implications of EVs in health and disease.

Unlocking therapeutic treatment strategies and clinical impact.
Chronic liver diseases, including MASLD, MASH, liver fibrosis, cirrhosis, and HCC, impose 

a huge burden on society, affecting millions of individuals worldwide. The efforts to improve 

disease understanding and develop methods for early diagnosis are all ultimately aimed at 

discovering effective therapies for treating these conditions. Herein, significant research 

is focused on identifying potential treatment targets, and one such target is the ATX-LPA 

pathway, closely associated with liver diseases. 

This pathway, upregulated in various disease etiologies, has emerged as a promising focus 

in the search for therapeutic approaches in liver disease. In this thesis, we explored targeting 

this pathway in the context of acute liver injury and MASLD, using the innovative type IV 

ATX inhibitor, Cpd17. Our findings demonstrated that Cpd17 effectively inhibits steatotic, 

inflammatory and fibrotic processes in vitro. Furthermore, in pre-clinical animal models, it 
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significantly improved acute liver injury in a CCl4-induced liver injury model and alleviated 

steatosis, inflammation, and fibrosis in Methionine and Choline Deficient (MCD) diet-

induced MASLD model. Moreover, we showed an increased effect of Cpd17, a type IV ATX 

inhibitor, compared to PF8380, a type I inhibitor. Recently, it was discovered that the ATX 

tunnel is crucial for conferring key aspects of ATX/LPA signaling and that it dictates cellular 

responses irrespective of ATX activity [21]. Thus type IV inhibitors, like Cpd17, that occupy 

both the active binding site and the ATX tunnel, have increased efficacy in inhibiting cellular 

signaling compared to type I inhibitors, like PF8380, that exclusively target the active site. 

Since this study was published in 2022, significant progress has been made in understanding 

the effect of type IV ATX inhibitors in fibrotic diseases and cancers. In a significant 

advancement, cambritaxestat (IOA-289), also a type IV ATX inhibitor, was recently granted 

Orphan Drug Designation status by the U.S. Food and Drug Administration (FDA). Currently, the 

drug is in a clinical trial as a therapeutic option, in combination with standard chemotherapy, 

for patients with metastatic pancreatic cancer [22]. Moreover, it has shown promising results 

in pre-clinical models of gastrointestinal [23] and breast cancer [24], and is currently being 

studied in pre-clinical models of MASH and HCC in our lab. 

In translating (pre-)clinical liver disease research towards real patient impact, the sex 

disparity in this disease is a crucial factor to consider. While we showed in our review that the 

female immune response in MASLD is different compared to males, studies directed towards 

disease understanding or exploring novel targeting strategies are often done in male animal 

models. For example, the LAM subpopulation has thus far only been identified and studied in 

male animals. As females exhibit different fat storage and metabolic mechanisms, the LAM 

subpopulation may exhibit completely different properties in females compared to males. 

In addition, ATX/LPA signaling is also influenced by sex, with higher ATX values in women, as 

estrogen signaling was reported to regulate ATX production and secretion [25]. This suggests 

that sex-based differences could impact the responses to ATX inhibition, making it essential 

to study how these variations may affect treatment outcomes in men and women. 

Also in this thesis, we only used male mice to study MASLD and MASH with respect 

to both unlocking cellular secrets in these diseases as well as evaluating therapeutic 

strategies. Males are more susceptible to developing MASH making it easier to perform 

initial preliminary studies on males compared to females. However, female MASLD disease 

progression as well as response to treatment should be as important to map as that of males. 

Moving forward, it will therefore be essential to study male and female MASLD progression 

and response to treatment in parallel, so that differences in cellular signaling and possible 

targeting pathways can be identified [26], moving forward towards personalized – or gender-

specific – therapeutic strategies. 
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In conclusion, this thesis aimed to uncover cellular secrets by innovative approaches, 

focusing on three main areas: deepening the understanding of liver disease on a single cell 

level, improving diagnostic and prognostic strategies using liquid biopsies, and exploring 

novel treatment possibilities by investigating cellular signaling pathways. Although these 

research areas may appear distinct, profound interconnections between these areas 

exist, with progress in one area often driving advancements in the others. For example, the 

identification of LAMs in MASH as pro-inflammatory cells with a unique cytokine secretion 

profile could pave the way for novel targeted therapeutic strategies. The other way around, 

isolating and identifying cCAFs or EVs through the Mag-Click-System opens up new avenues 

for studying these biomarkers at the single cell level. Such insights could shed light on 

inter-personal disease heterogeneity, ultimately enabling more personalized treatment 

approaches. Additionally, unlocking the cellular secrets of male and female cells in response 

to disease could refine therapeutic strategies, as well as diagnostic and prognostic methods. 

Thus, to truly make a difference in the lives of patients with complex conditions such as 

chronic liver disease or cancer, continuous advancements disease understanding, early 

diagnosis and prognosis, and the development of new treatment options are essential. 

Moving forward, significant progress in liver and cancer research will depend on integrating 

the insights from these interconnected areas through a multidisciplinary approach - 

ultimately aimed at improving the lives of patients.
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Liver diseases, particularly chronic liver conditions such as metabolic dysfunction-

associated steatotic liver disease (MASLD) and metabolic-associated steatohepatitis 

(MASH), as well as liver fibrosis and liver cirrhosis present serious global health challenges, 

causing millions of deaths. These diseases often progress silently, making early detection 

difficult and limiting treatment options. Additionally, liver cancer and prostate cancer are 

among the most common and deadly cancers in men due to late diagnosis and cancer 

metastasis. With the rising incidence of chronic liver diseases, lack of treatment options, 

and high mortality rates, there is an urgent need for:

i.	 Improved understanding of disease mechanisms to identify novel therapeutic 

targets. 

ii.	 Discovery of biomarkers for early disease detection and identifying at-risk 

patients.

iii.	 The development of safe and effective treatment strategies.

This thesis addresses these critical areas through uncovering cellular mechanisms on 

a single-cell level, identifying novel diagnostic tools, and evaluating novel therapeutic 

treatment strategies.

Chapter 1 focused on hepatic stellate cells (HSCs), which play a central role in liver fibrosis. 

Activated HSCs secrete excessive extracellular matrix (ECM) proteins, causing scarring of the 

liver. Transcriptomic analysis of HSCs identified cellular heterogeneity in HSCs, but how this 

translates to their function in the liver is unknown. We developed a step-by-step protocol for 

the analysis of collagen I (a major ECM) secretion by single HSCs, and observed significantly 

increased collagen I secretion in activated HCSs. Moreover, we observed significant 

heterogeneity in collagen I secretion in activated as well as quiescent single HSCs. This 

approach provided insights into the secretory behavior of individual HSCs, paving the way 

to future research aimed at integrating genomic, transcriptomic and secretome analysis of 

one individual cell, to better understand the role and heterogeneity of HSCs in liver diseases. 

Chapter 2 evaluated macrophages, key drivers of liver inflammation in MASLD and MASH. 

Based on previous studies revealing subpopulations with distinct phenotypes in the liver, we 

developed a surface marker panel for the identification and sorting of four main macrophage 

subpopulations - Kupffer cells (KCs; liver resident macrophages), recruited monocytes, 

monocyte-derived macrophages, and LAMs – from healthy and MASH-affected mice. Single 

cell secretion analysis of pro- and anti- inflammatory cytokines revealed distinct differences 

between the subpopulations in terms of cytokine secretion, showing that LAMs are pro-
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inflammatory in MASH. They secrete high levels of pro-inflammatory cytokine interleukin 

1β (IL1β) and low levels of anti-inflammatory cytokine interleukin 10 (IL10). These findings 

highlighted the inflammatory role of LAMs in MASH on a single cell level, suggesting potential 

therapeutic targets within this macrophage subpopulation.

Chapter 3 expanded the focus to the differences between men and women in the 

development of MASLD. We emphasized the higher prevalence of MASLD in men compared 

to post-menopausal women, suggesting the influence of hormones and age. Specifically, 

we reviewed the differences between innate immune cell types in men and women, with 

respect to MASLD development. This revealed that male immune cells are inherently 

more pro-inflammatory, caused at least partially by differences in sex hormones, genetics 

and body composition. Unfortunately, limited research is available on the role of innate 

immune sexual dimorphism in MASLD and these differences are often overlooked in drug 

development. Therefore, this review emphasized the need to consider these sex disparities 

when identifying therapeutic targets and designing novel treatments. 

Chapter 4 moved from liver disease to metastatic prostate cancer, by investigating the 

presence of circulating cells as potential biomarkers in patients with metastatic castration-

naïve prostate cancer. With the cancer associated fibroblast (CAF) specific surface marker 

fibroblast activated protein (FAP), we identified and sorted circulating CAFs (cCAFs) (60-

776 per 2 x 108 mononuclear cells) from the liquid biopsies of prostate cancer patients. 

We demonstrated that these single cCAFs were positive for intercellular collagen I and 

vimentin, were viable and functional at least 48 hours after sorting, and we could identify two 

subpopulations of cCAFs distinctly different in morphology. These findings suggest a role for 

these cCAFs in prostate cancer, and could potentially serve as novel disease biomarkers. 

Chapter 5 focused on a promising biomarker for early disease diagnosis: extracellular vesicles 

(EVs). Isolation of circulating EVs presents challenges in context to differentiating hem from 

other components in liquid biopsies with similar density or size. Therefore, we developed the 

Mag-Click-Release system, an EV isolation platform that combines immunoaffinity labeling, 

magnetic bead based enrichment, and covalent click chemistry for the selective capture 

and release of hepatocyte-specific EVs. In HepG2-spiked serum samples, we validated that 

the system successfully isolated hepatocyte-EVs with good yield, specificity and sensitivity. 

Moreover, hepatocyte-EV isolation from the serum of cirrhosis and HCC patients showed an 

increasing trend in hepatocyte-EV levels, correlating with disease severity. Our findings show 

that this system could be a useful tool for the isolation of specific EV populations from serum.

Chapter 6 delved into a promising therapeutic target for the treatment of chronic liver 

diseases, including MASLD, MASH and liver fibrosis: the autotaxin (ATX)–lysophosphatidic 
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acid (LPA) signaling pathway. This chapter elaborated on the role of the ATX-LPA pathway 

in liver diseases, as serum levels of both ATX and LPA are upregulated in liver diseases with 

multiple etiologies. Additionally, it showed that LPA signaling – through its LPA receptors 

– directly influences cellular processes including proliferation and the wound healing 

response. Finally, it describes how targeting this pathway, through inhibition of ATX, could be 

a potential treatment option for fibrosis-associated diseases including MASLD. 

Chapter 7 expanded on the findings in Chapter 6 by evaluating the therapeutic potential 

of a novel type IV ATX inhibitor, Cpd17, in models of liver injury and MASH. The study 

demonstrated that Cpd17 is highly effective at inhibiting the ATX-LPA pathway, which resulted 

in reduced inflammation, fibrosis, and steatosis in both acute liver injury and diet-induced 

MASH models. The inhibitor outperformed a classic type I inhibitor, PF8380, in blocking key 

signaling pathways associated with cytoskeletal remodeling and cell proliferation. These 

results suggested that ATX inhibition, particularly with type IV inhibitors, holds great promise 

for the treatment of chronic liver diseases.

In summary, this thesis underscored the importance of unlocking cellular secrets in 

advancing disease understanding, developing early diagnostic tools, and exploring novel 

therapeutic strategies to tackle the growing burden of chronic liver diseases and cancer. This 

thesis contributed to this goal by: 

i.	 Enhancing MASLD disease understanding by developing a method for single cell 

secretion analysis of HSCs;

ii.	 Adapting this method to evaluate macrophage subpopulations in MASH, 

identifying proinflammatory LAMS as potential therapeutic targets;

iii.	 Exploring cellular differences between male and female immune cells in MASLD;

iv.	 Advancing early diagnosis and prognosis of prostate cancer by identifying and 

isolating cCAFs as potential biomarkers for metastasis or treatment resistance;

v.	 Developing the Mag-Click-Release system as a novel approach for isolating EVs 

as early liver cancer biomarkers;

vi.	 Exploring the AXT-LPA pathway as a promising therapeutic target for the treatment 

of chronic liver diseases; 

vii.	 Establishing the novel ATX inhibitor Cpd17 as a promising therapeutic treatment 

for acute liver injury and pathological MASH in mice. 

The findings presented herein lay the groundwork for future research that integrates cellular 

biology, diagnostic innovations, and targeted therapies to improve patient outcomes in 

these complex conditions.
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Leverziekten, met name chronische aandoeningen zoals metabole disfunctie-geassocieerde 

steatotische leverziekte (MASLD) en metabool-geassocieerde steatohepatitis (MASH), 

evenals leverfibrose en levercirrose, vormen ernstige wereldwijde gezondheidsuitdagingen 

die jaarlijks miljoenen levens eisen. Deze aandoeningen ontwikkelen zich vaak onopgemerkt, 

wat vroege diagnose bemoeilijkt en de behandelingsmogelijkheden beperkt. Bovendien 

behoren lever- en prostaatkanker tot de meest voorkomende en dodelijke kankers bij 

mannen, mede vanwege late diagnoses en uitzaaiingen. De toenemende incidentie van 

chronische leverziekten, het gebrek aan effectieve behandelingen en de hoge sterftecijfers 

onderstrepen de dringende noodzaak voor:

1.	 Beter inzicht in de onderliggende ziekteprocessen om nieuwe therapeutische 

doelwitten te identificeren;

2.	 Ontwikkeling van biomarkers voor vroege diagnose en risicobepaling;

3.	 Ontwerp van veilige en effectieve behandelingsstrategieën.

Dit proefschrift richt zich op deze uitdagingen door cellulaire mechanismen op enkel 

celniveau te onderzoeken, nieuwe diagnostische hulpmiddelen te ontwikkelen en 

innovatieve behandelingsstrategiën te evalueren. 

Hoofdstuk 1 richtte zich op hepatische stellaatcellen (HSC’s), die een centrale rol spelen bij 

leverfibrose. Geactiveerde HSC’s scheiden overmatig extracellulaire matrix (ECM) eiwitten 

uit, wat leidt tot littekenvorming in de lever. Hoewel eerdere studies verschillen in het 

genoom van HSC’s aantoonden, is het onduidelijk hoe dit hun functie in de lever beïnvloedt. 

Wij ontwikkelden een stapsgewijs protocol om uitscheiding van collageen I (een belangrijk 

ECM-eiwit) door individuele HSC’s te analyseren. We ontdekten dat geactiveerde HSC’s 

significant meer collageen I afscheiden en dat zowel geactiveerde als niet-geactiveerde HSC’s 

aanzienlijke variatie vertonen in secretiegedrag. Dit onderzoek biedt waardevolle inzichten in 

de heterogeniteit en rol van HSC’s en vormt een basis voor verder onderzoek naar de integratie 

van genomische, transcriptomische en secretomische gegevens op enkelcelniveau.

Hoofdstuk 2 evalueerde macrofagen, drijvende krachten achter leverontsteking bij MASLD 

en MASH. Gebaseerd op eerdere studies die verschillende macrofaag-subpopulaties in 

de lever identificeerden, ontwikkelden wij een paneel van oppervlaktemarkers om vier 

hoofdsubpopulaties te onderscheiden: Kupffer-cellen (leverresidenten), gerekruteerde 

monocyten, monocyt-afgeleide macrofagen en LAMs. Analyse van cytokinesecretie op 

enkelcelniveau onthulde dat LAMs pro-inflammatoir zijn in MASH: zij scheiden grote 
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hoeveelheden van het pro-inflammatoire cytokine IL1β uit, maar weinig van het anti-

inflammatoire IL10. Deze bevindingen benadrukken de ontstekingsrol van LAMs in MASH en 

identificeren mogelijke therapeutische doelwitten binnen deze subpopulatie.

Hoofdstuk 3 richtte zich op de verschillen tussen mannen en vrouwen in de ontwikkeling 

van MASLD. We benadrukten de hogere prevalentie van MASLD bij mannen in vergelijking 

met postmenopauzale vrouwen, wat wijst op de invloed van hormonen en leeftijd. Specifiek 

onderzochten wij de verschillen tussen aangeboren immuunceltypen bij mannen en 

vrouwen met betrekking tot MASLD-ontwikkeling. Dit hoofdstuk bespreekt verschillen 

in aangeboren immuuncellen tussen mannen en vrouwen en hun bijdrage aan MASLD. 

Mannelijke immuuncellen zijn van nature meer pro-inflammatoir, deels door verschillen 

in geslachtshormonen, genetica en lichaamsbouw. Helaas wordt seksuele dimorfie 

in immuunresponsen vaak over het hoofd gezien bij geneesmiddelenontwikkeling. Dit 

hoofdstuk benadrukt de noodzaak om geslachtsverschillen mee te nemen bij het ontwikkelen 

van behandelingen en het identificeren van therapeutische doelwitten.

Hoofdstuk 4 bewoog van leverziekte naar gemetastaseerde prostaatkanker. Bij patiënten 

met gemetastaseerde castratienaïeve prostaatkanker onderzochten wij de aanwezigheid 

van circulerende kanker-geassocieerde fibroblasten (cCAFs) als mogelijke biomarkers. 

Met behulp van de CAF-specifieke marker FAP identificeerden en isoleerden we cCAFs uit 

vloeistofbiopsieën. We toonden aan dat deze cCAFs levensvatbaar waren, collageen I en 

vimentin bevatten, en zich in twee morfologisch verschillende subpopulaties verdeelden. 

Deze bevindingen wijzen op een potentiële rol van cCAFs bij prostaatkanker en hun waarde 

als biomarkers.

Hoofdstuk 5 richtte zich op een veelbelovende biomarker voor vroege ziektediagnose: 

extracellulaire vesikels (EV’s). Circulerende EV’s zijn moeilijk te isoleren uit andere 

componenten in vloeistofbiopsieën vanwege hun kleine omvang, en de huidige technieken 

hebben beperkte sensitiviteit en specificiteit. Daarom ontwikkelden wij het Mag-Click-

Release-systeem, een EV-isolatieplatform dat immunoaffiniteitslabeling, magnetische 

kralen en klikchemie om hepatocyt-specifieke EV’s selectief te isoleren. Dit systeem toonde 

een goede opbrengst, specificiteit en gevoeligheid in zowel gesimuleerde als klinische 

monsters. In serum van cirrose- en HCC-patiënten correleerden verhoogde EV-niveaus 

met ziekteseveriteit, wat de toepasbaarheid van dit systeem als diagnostisch hulpmiddel 

ondersteunt.

Hoofdstuk 6 onderzocht een veelbelovend therapeutisch doelwit voor de behandeling van 

chronische leverziekten, waaronder MASLD, MASH en leverfibrose: de autotaxine (ATX)-

lysophosphatidic acid (LPA)-signaleringsroute. Dit hoofdstuk belichtte de rol van de ATX-
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LPA-route bij leverziekten, aangezien serumspiegels van zowel ATX als LPA verhoogd zijn bij 

leverziekten. Bovendien bleek de LPA-signaleringsroute via LPA-receptoren direct invloed 

te hebben op cellulaire processen, waaronder proliferatie en wondgenezing. Dit hoofdstuk 

beschrijft ook hoe ATX-remming een potentiële behandelingsoptie kan zijn voor fibrose-

gerelateerde ziekten, waaronder MASLD.

Hoofdstuk 7 bouwde voort op de bevindingen in Hoofdstuk 6 door het therapeutische 

potentieel van de ATX-LPA route te evalueren door middel van een nieuwe type IV ATX-

remmer, Cpd17, in modellen van leverbeschadiging en MASH. De studie toonde aan dat 

Cpd17 zeer effectief is in het remmen van de ATX-LPA-route, wat resulteerde in verminderde 

ontsteking, fibrose en steatose in zowel acute leverbeschadiging als dieet-geïnduceerde 

MASH-modellen. De remmer overtrof een klassieke type I-remmer, PF8380, in het blokkeren 

van belangrijke signaalroutes die betrokken zijn bij cytoskeletremodellering en celproliferatie. 

Deze resultaten suggereren dat ATX-remming, met name met type IV-remmers, veelbelovend 

is voor de behandeling van chronische leverziekten.

Tot slot: dit proefschrift benadrukt het belang van het ontrafelen van cellulaire geheimen 

om zo ziekteprocessen beter te kunnen begrijpen, vroege diagnostische hulpmiddelen 

te ontwikkelen, en innovatieve behandelingen te verkennen om de zo groeiende last van 

chronische leverziekten en kanker aan te pakken. Dit proefschrift draagt bij aan dit doel door: 

i.	 Het vergroten van het inzicht in MASLD door een methode te ontwikkelen voor de 

analyzse van enkele HSC cellen; 

ii.	 Deze methode te gebruiken en aan te passen voor het evalueren van macrofaag 

supopulaties in MASH, waarbij LAMs werden geïdentificeerd als potentiële 

therapeutische doelen; 

iii.	 Cellulaire verschillen tussen mannelijke en vrouwelijke immuuncellen in MASLD 

te onderzoeken; 

iv.	 Het verbeteren van de vroege diagnose en prognose van prostaatkanker door 

cCAFs te isoleren en identificeren, die kunnen dienen als potentiële biomarkers 

voor metastase of therapieresistentie; 

v.	 Het onwikkelen van het Mag-Click-Systeem als een nieuwe methode voor het 

isoleren van EV’s als vroege biomarkers voor leverkanker; 

vi.	 Het verkennen van de ATX-LPA route als een veelbelovend therapeutisch doelwit 

voor de behandeling van chronische leverziekten; 

vii.	 Het onderzoeken van de nieuwe ATX-remmer Cpd17, dat een veelbelovende 

therapeutische behandeling is voor acute leverschade en pathologische MASH 

bij muizen.
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De hier gepresenteerde bevindingen bieden waardevolle aanknopingspunten voor verder 

onderzoek dat cellulaire biologie, diagnostische innovaties en gerichte therapiën integreert 

om de uitkomsten voor patiënten met deze complexe aandoeningen te verbeteren.



236

List of publications

List of publications
M. Ten Hove, A. Smyris, R. Booijink, L. Wachsmuth, U. Hansen, L. Alic, C. Faber, C. Höltke, R. 

Bansal. Engineered SPIONs functionalized with endothelin a receptor antagonist ameliorate 

liver fibrosis by inhibiting hepatic stellate cell activation. Bioact Mater. 2024;39:406-42

R. Booijink, P. Ramachandran, R. Bansal. Implications of innate immune sexual dimorphism 

for MASLD pathogenesis and treatment. Trends Pharmacol Sci. 2024;45(7):614-627

R. Booijink, L.W.M.M. Terstappen, E.Dathathri, K. Isebia, J. Kraan, J. Martens, R. Bansal. 

Identification of functional and diverse circulating cancer-associated fibroblasts in 

metastatic castration-naïve prostate cancer patients.  Mol Oncol. Published online April 

2024

R. Booijink, L.W.M.M. Terstappen, R.Bansal. Single Cell Secretome Analyses of Hepatic 

Stellate Cells: Aiming for Single Cell Phenomics. Methods Mol Biol. 2023;2669:257-268.

G. Lori, M. Pastore, N. Navari, B. Piombanti, R. Booijink, E. Rovida, I. Tusa, J. B. Andersen, 

M. Lewinska, T. Lottini, A. Arcangeli, M. L. Taddei, E. Pranzini, S. Madiai, E. Sacco, S. Rota, 

A.Trapani, G. Agrimi, M. Ramazzotti, M. Parri, F. Carli, A. Gastaldelli, F. Marra, C, Raggi. Fatty 

Acid Synthase expression promotes the malignant features of cholangiocarcinoma cells and 

predicts shorter survival in patients. Digestive and Liver Disease, 2023. 55: p. S14.

R. Booijink, F.Salgado-Polo, C.Jamieson, A. Perrakis, R.Bansal. A type IV Autotaxin 

inhibitor ameliorates acute liver injury and nonalcoholic steatohepatitis. EMBO Mol Med. 

2022;14(9):e16333

D. W. Kurniawan, R. Booijink, A. K. Jajoriya, G. Dhawan, D. Mishra, D. Oosterhuis, O. Argemi, 

G. Storm, P. Olinga, R. Bataller, S. K. Mohanty, D. Prasad Mishra, J. Prakash, R. Bansal. Src 

kinase as a potential therapeutic target in non-alcoholic and alcoholic steatohepatitis. Clin. 

Transl. Disc. 2022; 2:e18.

L. Heinrich, R. Booijink, A. Khurana, R. Weiskirchen, R. Bansal. Lipoxygenases in chronic 

liver diseases: current insights and future perspectives. Trends Pharmacol Sci. 2022 

Mar;43(3):188-205

E. Geervliet, S. Moreno, L. Baiamonte, R. Booijink, S. Boye, P. Wang, B. Voit, A. Lederer, D. 

Appelhans, R. Bansal. Matrix metalloproteinase-1 decorated polymersomes, a surface-

active extracellular matrix therapeutic, potentiates collagen degradation and attenuates 

early liver fibrosis. J Control Release. 2021;332:594-607.



237

List of publications

L

D. W. Kurniawan, R. Booijink, L. Pater, I. Wols, A. Vrynas, G. Storm, J. Prakash, R. Bansal. 

Fibroblast growth factor 2 conjugated superparamagnetic iron oxide nanoparticles (FGF2-

SPIONs) ameliorate hepatic stellate cells activation in vitro and acute liver injury in vivo. J 

Control Release. 2020;328:640-652

K.J. Francis, R. Booijink, R. Bansal, W. Steenbergen. Tomographic Ultrasound and LED-

Based Photoacoustic System for Preclinical Imaging. Sensors (Basel). 2020;20(10):2793.

R. Booijink, R. Bansal. The Autotaxin - Lysophosphatidic Acid Axis as a Novel Therapeutic 

Target for Liver Fibrosis. OBM Hepatology and Gastroenterology, 2019, 03: 024

B. Nagórniewicz, D. F. Mardhian, R. Booijink, G. Storm, J. Prakash, R. Bansal. Engineered Relaxin 

as theranostic nanomedicine to diagnose and ameliorate liver cirrhosis.  Nanomedicine. 

2019;17:106-118.

M. Correnti, R. Booijink, G. Di Maira, C. Raggi, F. Marra. Stemness features in liver cancer. 

Hepatoma Research, 2018. 4: 69.



238

Acknowledgements / Dankwoord

Acknowledgements / Dankwoord

First, I want to express my sincere gratitude to my promotor and daily supervisor, Prof. dr. 

Ruchi Bansal. Ruchi, I had not even considered doing a PhD until you encouraged me to 

pursue it. You believed in my potential, created a position for me – even though a clear project 

was initially missing - and told me we were in this together. And that is exactly how it has felt 

ever since. We navigated this journey side by side, not just as student and supervisor, but 

also as colleagues, figuring out the path of my thesis together. Your constant encouragement 

and unwavering support were invaluable throughout the entire process. You were always 

open to my thoughts and suggestions and created an environment where I felt comfortable 

exploring new directions. You pushed me to aim higher and you were always there to listen 

and provide understanding when things got tough. Your feedback helped me grow, sharpen 

my work, and ultimately create a thesis that I’m incredibly proud of. Thank you for always 

believing in me and for helping me bring out the best in myself!

Vervolgens wil ik Prof. dr. Leon Terstappen bedanken, mijn tweede promotor. Leon, 

jouw positieve en rustige houding was precies wat ik nodig had tijdens onze jaarlijkse 

voortgangsgesprekken en project meetings. Je wist altijd op het juiste moment ondersteuning 

te bieden en de focus terug te brengen, waardoor ik mijn doel niet uit het oog verloor. Bedankt 

voor je nuttige feedback, het vormen van mijn thesis, en je supervisie!

I would also like to thank my committee members, Prof. dr. Fabio Marra, Prof. dr. Ralf 

Weiskirchen, Prof. dr. André Boonstra, Prof. dr. Robert Passier and Prof. dr. Kerensa Broersen. 

Thank you for taking the time to be part of my committee and for your efforts in reading and 

reviewing my thesis. 

Lieve Marit en Eline, wat vind ik het fijn om jullie als paranimfen te hebben. Jullie zijn niet 

alleen geweldige collega’s geweest, maar ook goede vriendinnen die mijn PhD-periode een 

stuk leuker hebben gemaakt. Bedankt voor alle steun, humor en gezelligheid, zowel op als 

buiten het werk. Jullie zijn allebei erg belangrijk voor me geweest, en ik vind dat jullie beide je 

eigen stukje dankwoord hebben verdiend. 

Marit, mijn carpoolmaatje, collega, paranimf en bovenal hele goede vriendin. Wat hebben we 

samen veel besproken, en wat mis ik het om niet meer dagelijks de hoogte- en dieptepunten 

van de dag met jou door te nemen. We kennen elkaar inmiddels zo goed: aan de lunchtafel 

hadden we soms aan een blik genoeg om precies te weten wat de ander dacht. Jij kent 

mijn gedachten, geheimen, en blunders, waardoor ik nu een beetje bang ben voor het 

filmpje van vanavond. Bedankt voor alle leuke momenten tijdens congressen en avonden 



239

Acknowledgements / Dankwoord

D

uit, waar we altijd met zijn tweeën als laatste in de kroeg eindigen. Ook bedankt voor al je 

goede gesprekken (en roddels), je eindeloze geduld en al je adviezen: van experimenten, tot 

klussen, tot kleding en alles daar omheen. De zin “Heb je al gevraagd wat Marit ervan vindt?” 

wordt thuis nog steeds vaak gebruikt. Dankzij jou voelde ik me altijd gesteund. Je bent zoveel 

meer dan alleen een collega, en ondanks dat we geen collega’s meer zijn, weet ik zeker dat 

we elkaar nog veel zullen zien. Bedankt voor alles, Marit! 

Eline, mijn paranimf, collega en vriendin uit het Gooi. Het is altijd heerlijk om jou te horen 

praten (of klagen) over je “eerste wereldproblemen” - ik krijg er een grote glimlach van als 

ik eraan terug denk! Bedankt dat je er altijd voor me was, zowel privé als professioneel. 

Jij bood altijd hulp op de momenten dat ik het het meest nodig had, zonder oordeel en 

oprecht, zonder vragen te stellen. Ik ben je ook zo dankbaar dat je mijn muis-experiment 

hebt gered toen ik alles had omgegooid. Jij nam toen de leiding, hebt me gerustgesteld en 

mij toen precies verteld wat ik moest doen om het op te lossen. Zonder jou had ik het toen 

waarschijnlijk opgegeven. Ook bedankt voor alle leuke avonden uit, waarbij jij steevast en 

onuitputtend op de dansvloer stond. Dankzij jou heb ik van dichtbij kunnen zien hoe een PhD 

verdediging eruit ziet – en dat heeft me zeker geholpen wat minder nerveus te zijn voor mijn 

eigen grote dag. Ondanks dat ik je nu wat minder zie dan voorheen, ben je in mijn PhD-tijd 

echt veel meer geweest dan alleen een collega. Je bent en blijft een hele goede vriendin. 

Bedankt voor alles Eline! 

Mijn dank gaat uit naar het fantastische ondersteunende personeel van PDT/MCBP. Anouk, 

Christian, Connie en Aufried, jullie zorgden altijd voor een fijne werkomgeving en ik waardeer 

de inzet en hulp die jullie mij hebben geboden gedurende mijn onderzoek enorm. Anouk, 

bedankt voor je altijd positieve houding en al je hulp in het lab, met name bij het afronden 

van mijn laatste experimenten. Ook denk ik met veel plezier terug aan onze leuke tijd in 

Griekenland, vooral toen ik onverwacht zonder slaapplek zat, was het fijn dat ik bij jou kon 

logeren! Christian, jouw hulp bij met de FACS en de microscopen was onmisbaar. Je zorgde 

ervoor dat alles werkte op de cruciale momenten, en je vele telefoontjes naar leveranciers 

met de vraag wanneer bestelde producten eindelijk binnen zouden komen, was onmisbaar. 

Connie, jouw steun achter de schermen was van onschatbare waarde. Bedankt voor het 

regelen van alle administratieve zaken, en jouw oprechte interesse in iedereen. 

My former office mates, Lisa, Kiki, Sanne and Vishal, thank you for all the work and not-work-

related chats we had together. Kiki, Lisa en Sanne, bedankt voor de eindeloze gesprekken 

over huizen, vakanties, feestjes, spiraaltjes en zo’n beetje elk onderwerp dat je je kunt 

voorstellen. Vishal, I am sorry for distracting you with our girl talk, but I really appreciate your 

friendly attitude and for letting us crank up the heating to a cozy 23 degrees in the office. 



240

Acknowledgements / Dankwoord

Also, to you all, I apologize for keeping you from your work whenever I was distracted or 

needed to vent. But honestly, thanks for being there to listen and support me! You made the 

workdays much brighter!

A huge thank you to the PDT and MCBP crew, past and present! Cees, Richard, Yvonne, 

Anouk, Christian, Aufried, Connie, Vishal, Tom, Anusha, Michiel, Eshwari, Fikri, Peng, 

Dagmara, Luna, Agustin, Sitian and Pepijn, and anyone else I have accidentally skipped – I 

am truly sorry! Thank you for your insightful suggestions and questions during our MCBP 

meetings, and for the numerous work-related (and not so work-related) conversations we’ve 

had over the years in the labs, in the hallway, next to the coffee machine, and in the coffee 

corner. Thanks to all of you, the 4th floor of Carré always felt like a comforting, inspiring and 

fun space to work, do research and explore new ideas. 

Thanks also to the BioEE group: Armagan, Edwin, Hugo and Narges, for the enjoyable 

years we’ve spent sharing the labs. I truly appreciated the friendly conversations and nice 

interactions in the hallways and the labs. Hugo en Edwin, natuurlijk bedankt voor het kleur 

geven aan de lunches en het in leven roepen van de vrijdagmiddagborrels. Zonder jullie 

levendige discussies en uitgesproken meningen over allerlei onderwerpen waren de lunches 

en borrels een stuk saaier geworden. 

I also want to express my gratitude to all members of AST (of which there are too many to 

call out by name). After the transition from MCBP to AST, it has been great to be part of this 

new group. Even though we haven’t collaborated on many projects yet and are in different 

buildings (except for our Thursday AST meetings), I truly appreciate the welcoming attitude 

you’ve all shown us. From the very beginning, you embraced us into your group, and it’s been 

a pleasure to be part of such a wonderful team!

Ook een grote dank gaat uit naar alle studenten die ik door de jaren heen heb begeleid: Laura, 

Maureen, Sven, Lieke, Jorinde, Abigail, Bo en Larissa. Bedankt voor jullie inzet, motivatie, en 

waardevolle bijdragen aan mijn thesis. Jullie zorgden voor een geweldige sfeer en veel plezier 

tijdens het onderzoek, en jullie waren onmisbaar voor het succes van mijn werk! 

Lieve vrienden en teamgenootjes, ook jullie verdienen zeker een eigen paragraaf in dit 

dankwoord! Dankzij jullie ben ik altijd met een been in de “gewone” wereld gebleven. Een 

wereld van Twentse nuchterheid en je boerenverstand gebruiken, zonder ingewikkelde 

vakjargon, labjassen en microscopen. Bedankt voor jullie interesse en pogingen om mijn 

onderzoek een beetje te begrijpen. Zelfs als dat soms niet verder kwam als: “Ben je dan straks 

een echte dokter?” (Nee, geen letterlijke dokter), “Wat doe jij nou op een dag?” (ik weet nog 

steeds niet hoe ik dit moet uitleggen) of “Hoe is het met je muizen?” (terwijl ik minder dan 



241

Acknowledgements / Dankwoord

D

1% van de tijd met muizen bezig was) en natuurlijk de klassieker: “Alcohol is toch slecht 

voor je lever?” (dat klopt, maar daar doen nu we even niks op uit). Maar vooral, bedankt 

voor alle geweldige momenten die we samen hebben meegemaakt, die helemaal niks met 

onderzoek of promoveren te maken hebben. Spontane uitjes, een weekendje Mallorca, en 

allerlei andere leuke feestjes, jullie maakten de weekenden na een lange week in het lab zo 

veel leuker. Op naar nog meer van zulke momenten!

Lieve familie en schoonfamilie, ook naar jullie gaat mijn dank uit. Jan en Elma, bedankt voor 

jullie oprechte interesse in mijn onderzoek en in mijn loopbaan. Jullie zijn altijd een steun 

voor me geweest, met jullie interessante vragen en aanmoedigingen. Het betekent veel voor 

me dat jullie zo betrokken zijn. Kevin en Tamar, Mam en Pap, bedankt voor alles. Tam en Kev, 

jullie nuchterheid en lichte desinteresse in mijn PhD was soms precies wat ik nodig had; doe 

maar gewoon normaal, dat is meer dan goed genoeg. Ik weet dat jullie trots zijn op mij; en ik 

op jullie! Mam en Pap, dank jullie wel dat ik altijd - zonder enige waarschuwing of bericht - bij 

jullie mocht komen eten of komen slapen. Bedankt voor jullie goedbedoelde adviezen, jullie 

geïnteresseerde vragen, en de hulp die jullie altijd zullen blijven aanbieden. Jullie vertelden 

altijd trots aan iedereen dat ik een PhD doe, en probeerden daarbij altijd zo goed mogelijk uit 

te leggen wat dat dan inhoudt. Bedankt voor al jullie steun; het is geweldig om te weten dat 

jullie altijd – ondanks wat ik doe – trots op mij zijn. Ik hou van jullie! 

Lieve Nathan, jij bent de laatste in mijn dankwoord, en het laatste stukje dat ik schrijf. En gek 

genoeg, ook het moeilijkste stukje om te schrijven. In elk dankwoord zou nu staan: “zonder 

jou had ik dit niet kunnen doen.” Eerlijk? Ik had het misschien wel kunnen doen, maar ik had 

het nooit willen doen zonder jou. Dankjewel voor je luisterend oor, je adviezen – gevraagd 

en ongevraagd – en simpelweg omdat je er altijd voor me bent. Voor de avonden dat ik in 

het lab zat, terwijl jij thuis was en we videobellend spelletjes deden, zodat ik me minder 

alleen voelde. En voor de bloemen die op me stonden te wachten als ik ’s avonds laat thuis 

kwam. Bedankt voor je eindeloze begrip en flexibiliteit wanneer ik moest overwerken of in het 

weekend aan de slag moest. Je steunde me altijd zonder klagen. Bedankt dat je altijd kalm 

en rustig bent gebleven. Wanneer ik in de stress schoot, liet je me inzien dat een tegenslag 

niet het einde van de wereld is, en dat er altijd weer een nieuwe dag komt. Jij hebt mij het 

zelfvertrouwen gegeven dat ik alles kan bereiken wat ik maar wil. Zoals je zelf ooit zei: “Ik 

hoef niet aan iedereen te vertellend dat ik een leven met jou wil opbouwen, ik wil het gewoon 

doen.” En dat is precies wat ik ook wil. 


