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ABSTRACT

Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly known

as non-alcoholic fatty liver disease (NAFLD) is an increasing global health problem

that is tightly linked to the rising prevalence of obesity and the metabolic syndrome.

Hepatocellular lipid accumulation and lipotoxic injury prompt a chronic inflammatory

response (metabolic dysfunction-associated steatohepatitis, MASH) that culminates

with the activation of hepatic stellate cells (HSCs) and subsequent hepatic fibrogenesis.

Liver fibrosis is the most prominent determinant of prognosis in patients with MASH

but currently there are no treatments available that target hepatic fibrogenesis directly.

Gremlin-1 has been implicated in liver fibrosis in MASH via inhibition of bone

morphogenetic protein (BMP) signalling and has thereby been identified as a potential

therapeutic target. Using rat in vivo and human in vitro and ex vivo model systems of

MASH fibrosis, we show that while Gremlin-1 was upregulated in human and rat MASH

fibrosis, restricted to a small subpopulation of myofibroblasts, neutralisation of Gremlin-

1 activity with monoclonal therapeutic antibodies does not reduce liver inflammation

or liver fibrosis. Lentiviral overexpression of Gremlin-1 in the hepatic stellate cell line

LX-2 and primary HSCs led to changes in BMP-related gene expression, which did
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not translate into increased fibrogenesis. Furthermore, Gremlin-1 bound to heparin

with high affinity, which appeared to prevent Gremlin-1 from entering the systemic

circulation, prohibiting Gremlin-1-mediated organ crosstalk. Gremlin-1 also had no

effect on hepatic endothelial cell activation and showed no significant expression

changes in monocyte-derived macrophages.

Through an integrated analysis of bulk RNA sequencing data sets of human liver

fibrosis and in vitro-activated hepatic stellate cells, we identified the activin and

myostatin antagonist follistatin-like 3 (FSTL3) as strongly associated with hepatic

fibrogenic responses. FSTL3 was upregulated in the HSC cell line LX-2 in response

to transforming growth factor beta (TGFβ)1 and activin A, and in the hepatocyte

cell line HepG2 in response to activin A. Inhibition of FSTL3 by siRNA-mediated

knockdown altered fibrogenic gene expression in LX-2 cells and increased lipolytic

gene expression in HepG2 cells, which translated into reduced hepatocellular lipid

accumulation.

Overall, these findings suggest a redundant role for Gremlin-1 in the pathogenesis of

liver fibrosis, which is unamenable to therapeutic targeting. The activin and myostatin

inhibitor FSTL3 however seems to be involved in hepatic stellate cell activation and

hepatocellular steatosis and warrants further investigation as a therapeutic target in

liver fibrosis and MASH in particular.
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CHAPTER 1

GENERAL INTRODUCTION

Disclaimer: Parts of this introduction have been reproduced from review articles and

book chapters written by the author of this thesis [1–3], the latter two not having been

published yet.

1.1 The burden of chronic liver disease

The human liver is a remarkable organ that fulfils essential bodily functions, including

carbohydrate, lipid and amino acid metabolism, regulation of trace element metabolism

(e.g. iron and copper), detoxification, drug metabolism, bile formation and fat digestion,

immune surveillance, production of plasma proteins including albumin, lipoproteins

and coagulation factors [4]. It is characterised by its huge capacity to regenerate, as it

can fully recover even upon severe acute injury or partial organ removal [5]. Repeated

or ongoing injury, however, typically causes liver inflammation and deposition of

extracellular matrix, a state called liver fibrosis. Eventually, liver fibrosis can progress

to cirrhosis, a state of disrupted tissue architecture that can lead to progressive

loss of normal hepatic functional capacity. Liver cirrhosis is the most important risk

factor for liver-related outcomes, such as chronic and acute-on-chronic liver failure,
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Chapter 1 The burden of chronic liver disease

and hepatocellular carcinoma (HCC) [6]. Across the globe, chronic liver disease

is responsible for greater than two million deaths per year, more than 1.3 million

caused by cirrhosis and its complications and another million caused by viral hepatitis

and HCC [7, κ]. Aetiologies of chronic liver disease include chronic viral hepatitis,

alcohol-related liver disease, inherited metabolic disorders such as haemochromatosis

or Wilson’s disease, as well as autoimmune hepatitis and cholestatic liver diseases.

The latter comprises different conditions including primary sclerosing cholangitis

(PSC) - a chronic inflammatory autoimmune-like condition closely associated with

inflammatory bowel disease leading to sclerosis and destruction of the small and large

bile ducts - and primary biliary cholangitis (PBC) - an autoimmune-like inflammation

of the microscopic bile ducts mostly affecting women that leads to biliary fibrosis and

cirrhosis. In recent decades, the global incidence of chronic liver disease has increased,

paralleling the development of obesity, the metabolic syndrome and its complications,

and this increase is mainly attributed to metabolic dysfunction-associated steatotic

liver disease (MASLD) [κ].

1.1.1 Metabolic dysfunction-associated steatotic liver disease

Definition and epidemiology

Obesity, overnutrition and a sedentary lifestyle are increasingly prevalent health

problems worldwide, causing several associated diseases, including the metabolic

syndrome [λ, 10]. Associated with the metabolic syndrome and insulin resistance [11],

MASLD (formerly known as NAFLD, non-alcoholic fatty liver disease) is becoming

increasingly prevalent, with an estimated 20-30 percent of adults in European countries
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being affected [12]. MASLD is defined as the excess accumulation of hepatic fat in the

presence of at least one cardiometabolic risk factor and in the absence of significant

alcohol consumption (i.e. ≥ 30 g/day for men and ≥ 20g/day for women) or any other

secondary cause of hepatic steatosis [13]. While the course of the disease is benign

for most patients with simple steatosis (metabolic dysfunction-associated steatotic

liver, MASL), about one-fifth of patients develop inflammation of the liver, namely

metabolic dysfunction-associated steatohepatitis (MASH, formerly known as NASH

- non-alcoholic steatohepatitis). MASH can progress to liver fibrosis and ultimately

liver cirrhosis in a further 20% of patients, and subsequently cause liver failure

or hepatocellular carcinoma (Figure 1.1) [12]. Therefore, the increase of MASLD

prevalence over the last decades has had a considerable impact on figures for liver

transplantation, now being the second-leading cause for liver transplantation in the US

[14]. Furthermore, the increasing prevalence of HCC due to MASLD is at least partially

responsible for the overall increase in HCC prevalence worldwide [15].

Figure 1.1: The spectrum of metabolic dysfunction-associated steatotic liver
disease. MASH - metabolic dysfunction-associated steatohepatitis, LTx - liver
transplantation.
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Diagnosis and risk stratification

The diagnosis of fatty liver is usually based on the detection of an echo-bright liver on

ultrasound in the absence of other causes of liver steatosis. Alternatively, in cases

of suspected MASH without detectable steatosis on ultrasound, ultrasound-based

controlled attenuated parameter (CAP) or magnetic resonance imaging proton density

fat fraction (MRI-PDFF) can be informative [16, 17]. Patients with liver steatosis should

undergo a comprehensive workup for suspected MASLD and investigated for alcohol

intake, metabolic risk factors and secondary causes of liver steatosis, including viral

hepatitis [16]. The diagnosis of steatohepatitis is more challenging though. Normal

liver tests do not rule out MASH [1κ] and thus liver biopsy is required to make a

diagnosis of MASH. However, liver biopsy is reserved for patients at increased risk

for steatohepatitis or advanced fibrosis or in patients with suspected concomitant

secondary liver disease [16, 17].

The stage of fibrosis largely determines strategies for therapeutic management and

surveillance of patients with MASLD as it is the major determinant of prognosis in

patients with MASH [1λ, 20]. Current developments in non-invasive testing allow the

prediction of risk of fibrosis, and guide clinicians in their decision on which patient needs

a liver biopsy. Laboratory scores such as FIB-4 [21] or the MASLD Fibrosis Score

(NFS [22]) lack accuracy in detecting fibrosis or differentiating between different stages

thereof but their high negative predictive values of κκ-λ2% are useful for ruling out

advanced stages of disease [23]. In combination with measurements of liver stiffness

and patented serum tests like ELF™, FibroMeter or Fibrotest, such fibrosis scores can
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guide specialist referral and significantly reduce the need for liver biopsies [24–26].

Novel non-invasive scores like the FAST and NIS-4 are being developed and validated

[27, 2κ], and in the future might provide more accurate assessment of fibrosis.

Ultimately, liver biopsy is the current gold standard for diagnosing MASH and for

determining disease activity and the stage of fibrosis. On histopathology, MASLD is

characterised by macrovesicular steatosis of more than 5% of hepatocytes, usually

beginning in the centrilobular area (zone 3). The NASH clinical research network

(CRN) system is accepted for grading and staging of MASH, and integrates different

degrees of steatosis, lobular inflammation and liver cell ballooning as determined

by a histopathologist into the non-alcoholic fatty liver disease activity score (NAS)

and includes different stages of fibrosis, expanding on the Brunt score (Table 1.1)

[2λ]. Figure 1.2 shows representative images of histopathological features of MASLD,

MASH and fibrosis.

Table 1.1: The NASH-CRN scoring system

NAS components Fibrosis Stage

Item Score Extent Item Score Extent

Steatosis

0 <5%

Fibrosis

0 None
1 5-33% 1 Perisinusoidal or periportal
2 34-66% 1A Mild, zone 3, perisinusoidal
3 >66% 1B Moderate, zone 3, perisinusoidal

Lobular inflammation

0 No foci 1C Portal/periportal
1 <2 foci/200x 2 Perisinusoidal and portal/periportal
2 2-4 foci/200x 3 Bridging fibrosis
3 >4 foci/200x 4 Cirrhosis

Hepatocyte Ballooning
0 None
1 Few balloon cells
2 Many cells
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Figure 1.2: caption see next page
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Figure 1.2 (previous page): Histologic features, grading, and staging of metabolic
dysfunction-associated steatotic liver disease. A. Mixed large and small droplet
steatosis, single droplet, with nucleus pushed to one side, visible as white ”empty”
tissue area H&E stain, 600 ×; B. Microvesicular steatosis, nuclei in the centre with
foamy cytoplasm, and eosinophilic megamitochondria (arrow), H&E stain, 600 ×; C.
Ballooned hepatocytes with flocculent cytoplasm (arrow), H&E stain, 600 ×; D. Loss of
cytoplasmic expression of keratin κ/1κ in ballooned hepatocytes, brown DAB staining
by immunohistochemistry, 600 ×; E. Mallory-Denk body, i.e. eosinophilic agglomerates
of cytokeratins and proteins, indicated by arrow, H&E stain, 600 ×; F.Mallory-Denk body
in blue-green colour and dense perisinusoidal fibrosis, indicated by arrow, Trichrome
stain, 600 ×; G. Portal lipogranuloma, i.e. inflammatory reaction surrounding steatotic
hepatocytes, indicated by arrows, H&E stain, 400 ×; H. Mallory-Denk bodies and
satellitosis (neutrophils surrounding ballooned hepatocytes, arrow), H&E stain, 600 ×;
I. Delicate perisinusoidal fibrosis stained in blue (arrow), Trichrome stain, 600 ×; J.
Bridging fibrosis, i.e. fibrosis connecting the portal fields and central veins, stained in
blue (arrows), Trichrome stain, 200 ×.
Figure and caption reproduced with minimal adaptations from Nalbantoglu et al. 2014
[30] under the terms of the Creative Commons Attribution-Noncommercial (CC BY-NC
4.0) License.

Current and emerging therapeutic options

The pathophysiology of MASLD is tightly linked to increased body weight and the

metabolic syndrome, and therefore the mainstay of intervention is lifestyle change

with diet and physical exercise to reduce body weight and improve metabolic function.

International guidelines recommend exercise and diet with the aim to achieve a weight

loss of 7-10% in individuals with obesity [16, 17], as this improves inflammation,

can halt disease progression and even revert fibrosis [31]. More moderate weight

reduction by 3-5% reduces hepatic fat content and improves metabolic function, but

insufficiently reduces disease activity [32]. Patients with severe obesity with a body

mass index (BMI) > 40 kg/m2, or selected cases with a BMI > 35 kg/m2 might also

be eligible for bariatric surgery or endoscopic bariatric interventions, which have also

shown high effectiveness on the resolution of steatohepatitis and fibrosis regression
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[33–35]. Patients diagnosed with MASLD should also undergo careful cardiovascular

risk assessment and management, as they are at increased risk of cardiovascular

events and this risk increases with more advanced stages of disease [36].

Currently no licensed drugs are available for the treatment of MASLD, meaning

that many patients will progress to liver cirrhosis or HCC and ultimately require liver

transplantation. Nevertheless, some compounds licensed for other indications have

shown some beneficial effects on liver histology or serummarkers of disease severity in

clinical trials and their use can therefore be considered for their respective indications in

selected patients. For patients with type 2 diabetes mellitus this includes the glucagon-

like peptide 1 (GLP-1) analogues liraglutide and semaglutide, which have beneficial

effects on resolution of MASH on histology [37, 3κ], most likely mediated by weight

loss and concomitantly improved insulin sensitivity, sodium/glucose cotransporter 2

(SGLT2) inhibitors such as empagliflozin, dapagliflozin and canagliflozin that have

shown reductions in liver steatosis [3λ–41] and the peroxisome proliferator-activated

receptor (PPAR) α/γ agonist pioglitazone which has shown beneficial effects on

MASH resolution, liver fat content and fibrosis in randomized trials [42–44]. Metformin

is the first line treatment option for most individuals with type 2 diabetes mellitus

and acts through incompletely understood mechanisms that lead to altered cellular

energy sensing, ultimately improving insulin sensitivity and glucose tolerance. Even

though metformin does not improve histological MASH or fibrosis, retrospective

data point to improved overall survival, reductions in hepatic decompensation and

hepatocellular carcinoma incidence in patients with MASLD cirrhosis and type 2

diabetes [45]. Additional compounds that sometimes are used in clinical practice
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are weight loss-inducing drugs such as the lipase inhibitor orlistat [46–4κ] or high-

dose supplementation with vitamin E, the latter showing consistent effectiveness in

reducing serum aminotransferases, histological steatohepatitis and liver fibrosis, likely

through anti-oxidant effects reducing hepatocellular lipotoxic stress [4λ]. Currently,

no approved compounds are available for the treatment of inflammation or fibrosis in

MASH and a couple of compounds have already failed in late clinical development.

However, several promising assets are currently being tested, including the farnesoid

X receptor (FXR) agonist obeticholic acid, which is already approved as second-line

treatment for patients with PBC, or the stearoyl-CoA desaturase-1 (SCD1) inhibitor

aramchol, the pan-PPAR agonist lanifibranor and the thyroid hormone receptor beta

(THRβ) agonist resmetirom [50], with resmetirom now having shown efficacy in the

phase III MAESTRO-NASH trial [51]. All these compounds have in common that they

affect hepatocellular glucose and lipid metabolism, and likely act through reduction of

hepatocellular stress. Some compounds, such as PPAR and liver X receptor (LXR)

agonists, likely also modify macrophage and hepatic stellate cell (HSC) activation,

thereby reducing liver inflammation and fibrosis [116]. This raises hopes that in the

near future we will have licensed treatment options available. However, overall low

response rates of 26 to 30% and high placebo response rates still ensure that there is

a need to find novel therapeutic targets for drug development.
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1.2 Mechanisms of liver fibrosis

Liver fibrosis is the common consequence of chronic liver diseases, independent

of their aetiology. It can be understood as a dysregulated inflammatory and wound

healing response resulting in the excessive deposition of extracellular matrix [52].

Hepatic fibrogenesis is a complex and dynamic process that involves all hepatic

cell populations but also extrahepatic signals such as from the intestine or adipose

tissue [53, 54]. Long-lasting liver injury leads to a persistent inflammatory response

and to the release of cell damage mediators, causing infiltration of inflammatory

leukocytes and activation of matrix-producing cells, HSCs in particular. A plethora

of signals are involved, including damage-associated molecular patterns (DAMPs),

pathogen-associated molecular patterns (PAMPs), cytokines, growth factors, hypoxia,

changes in tissue biomechanics and others [52, 55]. Inflammation and the deposition

of fibrous tissue can eventually result in a disruption of the sinusoidal microarchitecture

and over the course of years and decades can ultimately progress to liver cirrhosis.

1.2.1 The hepatic microarchitecture

The liver lobule forms the basic functional unit of the liver. Blood flows from the portal

branches of the portal vein and the hepatic artery through the hepatic sinusoids into

the central vein. Liver sinusoids are lined by specialised fenestrated, permeable

endothelial cells [56] and contain the tissue-resident macrophages of the liver, the

so-called Kupffer cells [57]. The subendothelial space (space of Disse), is built of

loose connective tissue and a basement membrane-like matrix and contains the

HSCs, which function as vitamin A storing pericytes of the hepatic sinusoids. These

10



Chapter 1 Mechanisms of liver fibrosis

HSCs produce the fine connective tissue of the Disse space and are instrumental

in maintaining microarchitecture and function of the sinusoids [5κ]. In the space of

Disse, the major players of the hepatic inflammatory and fibrotic response are in close

proximity, allowing for close intercellular communication (Figure 1.3).

Figure 1.3: Structural organisation of the liver sinusoid. Originally published in
Horn & Tacke, “Mechanismen Der Hepatischen Fibrogenese” [2], reproduced with kind
permission from Springer.

1.2.2 From liver injury to inflammation

Hepatocellular injury

Injury of hepatic epithelial cells is an essential initiating step in the inflammatory and

fibrogenic cascade. Damaged hepatocytes display an altered gene expression profile

and secrete fibrogenic factors such as Notch, osteopontin or transforming growth

factor beta (TGFβ) [5λ]. Furthermore, these hepatocytes secrete extracellular vesicles

called exosomes which are also directly involved in HSC activation [60]. Apoptotic
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and necrotic cells also release a number of DAMPs that can trigger inflammatory and

fibrotic processes on immune and HSCs [52]. These include nucleotides such as

uridine diphosphate or adenosine diphosphate, mitochondrial DNA and the nuclear

protein high mobility box 1 (HMGB1) [61–63].

Endothelial cells

In healthy liver, differentiated hepatic sinusoidal endothelial cells (HSECs) maintain

the quiescent phenotype of HSCs through their release of nitrogen monoxide (NO).

Early in liver injury, endothelial cells start to dedifferentiate, leading to capillarisation,

defenestration and reduced NO synthesis with subsequent activation of angiogenic

signalling pathways which are tightly linked to the progression of liver fibrosis [64].

The angiocrine cytokine vascular endothelial growth factor (VEGF) plays a dual role in

these processes. While maintaining the differentiation of fenestrated HSEC in healthy

liver, and thereby exerting anti-fibrotic effects, the release of VEGF is increased in the

fibrotic liver. This increase of VEGF promotes capillarisation and defenestration of

HSEC through angiogenic processes and is directly involved in stellate cell activation

[64]. Interestingly, HSEC are also involved in liver regeneration in acute liver injury,

involving activation of the C-X-C chemokine receptor type (CXCR)7-Id1 signalling

pathway. In chronic liver injury however, activation of fibroblast growth factor receptor

1 (FGFR1) shifts signalling to a CXCR4 response, which promotes fibrogenic pathways

[65].
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The role of monocytes and macrophages

Liver macrophages have received increasing attention due to their heterogeneity

and diverse functions in liver homeostasis, inflammation and fibrogenesis. The main

populations are the tissue-resident Kupffer cells and monocyte-derived macrophages

(MoMF) of different functional polarisation [66].

Kupffer cells are the principal hepatic tissue-resident macrophage population and

self-renew independent of bone marrow precursors. They play an essential role

in maintaining normal tissue homeostasis and immune tolerance, act as sinusoidal

sentinels and, due to their high phagocytic capacity, are able to clear cellular detritus

and circulating bacteria [67]. In the context of liver injury, Kupffer cells react early to

hepatocellular and extrahepatic danger signals, especially PAMPs and DAMPs, and

are thus significantly involved in early endothelial activation and pro-inflammatory

immune responses [6κ].

While the stationary Kupffer cells play an important role in the initiation of the

inflammatory cascade, infiltration of circulating bone marrow-derived monocytes

occurs early in liver injury and drives chronic inflammatory processes. The recruitment

of these monocytes to the sinusoidal space is mediated primarily by chemokines, such

as C-C motif ligand 2 (CCL2), CCL3, CCL5, CCLλ and CCL10, and their receptors

C-C chemokine receptor type 2 (CCR2) and CCR5 [6λ]. These monocytes eventually

differentiate into macrophages and undergo pronounced dynamic phenotypical and

functional changes.
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Current single cell sequencing data from healthy and fibrotic diseased liver provide

a completely new view on the heterogeneity of hepatic macrophage populations. In

particular, the classic dichotomous division into classically activated, pro-inflammatory,

fibrogenic (”M1-like”), and alternatively activated, anti-inflammatory, regenerative

macrophages (”M2-like”) can no longer be maintained [6κ]. A key finding is

the identification of specialised scar-associated/lipid-associated macrophages,

characterised by their expression of CDλ and triggering receptor expressed on myeloid

cells 2 (TREM2), that are instrumental in shaping the fibrogenic microenvironment

in chronic liver injury [70]. These activated macrophages also secrete a number

of fibrogenic mediators that are significantly involved in stellate cell activation. In

particular, TGFβ, tumor necrosis factor alpha (TNFα), platelet-derived growth factor

(PDGF), interleukin 1β (IL-1β) and CCL2 contribute to stellate cell activation through

direct binding of their receptors [71]. Macrophages also contribute to liver fibrogenesis

through indirect mechanisms. For example, IL-1β produced by MoMF can contribute

to hepatocellular fatty degeneration and hepatocellular injury [72], and reactive oxygen

species, TNFα and PDGF secreted by Kupffer cells can initiate angiogenic processes

in HSEC [73].

Other immune cells in hepatic fibrogenesis

A large number of other immune cells exist in the liver, whose complex interplay has a

significant influence on hepatic fibrogenesis. The essential functions of these cells can

only be briefly summarised here but are described in detail in recent review articles [52,

74].
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Dendritic cells can be divided into conventional and plasmacytoid dendritic cells. The

conventional dendritic cells are specialised antigen-presenting cells, and thus play an

important mediating role between the innate and acquired immune systems. In the

fibrotic liver, dendritic cells expand and take on both pro- and anti-fibrotic properties.

The exact role of these cells in liver fibrosis is not yet fully understood [52].

Neutrophil granulocytes contribute to immune cell activation and recruitment

via inflammatory cytokines. Furthermore, neutrophil granulocytes can induce a

regenerative phenotype and thus regression processes in macrophages [52].

Mast cells represent only a small proportion of hepatic immune cells but expand in the

chronically injured liver. Probably via the release of histamine, they drive inflammatory

and fibrosis processes [52].

B- and T-lymphocytes play a role as classical effector cells of the adaptive

immune response, especially in antigen-mediated diseases such as viral hepatitis or

autoimmune liver diseases. However, other types of liver injury can also lead to a

non-specific activation of the adaptive immune system, which is then directed against

injured hepatocytes [52]. In liver fibrosis, a shift can be observed in the adaptive

immune response towards a TH2 and TH17 helper cell response. This leads to an

increased release of corresponding cytokines, especially IL-4, IL-13, IL-17 and IL-22,

which are involved in the activation of HSCs and promote the secretion of extracellular

matrix components [52].

Unconventional T cells make up a substantial proportion of the hepatic T lymphocyte

population. Best described is the role of natural killer T cells (NKT cells), which are a
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very heterogeneous cell population that can support but also inhibit fibrotic processes

depending on the specific immune environment and cell polarisation (TH1 vs TH2

response) [52, 74]. The mucosa-associated invariant T cells (MAIT cells), which

represent a larger population in the human liver, also most likely play a dual role via

the modulation of macrophage function [74].

Innate lymphoid cells (ILCs) are a heterogeneous group of cells composed of natural

killer cells (NK cells) and various subpopulations of tissue-derived ILCs. Their exact

role in liver fibrosis is still incompletely understood [74]. However, an anti-fibrotic role

is usually attributed to them, mediated via the induction of HSC apoptosis and release

of interferon gamma (IFNγ) [74].

Platelets

Platelets as the principal haemostatic cell type are amongst the first cells recruited

to the liver in acute liver injury [75, 76] and increased numbers and aggregates of

platelets have been reported in many different types of acute and chronic liver injury

[77]. Aggregates of activated platelets in the liver can initiate the recruitment of

leukocytes to the sinusoidal space and activate effector cells, thereby contributing to

liver inflammation and tissue damage [7κ, 7λ], which has been studied in models of

ischaemia-reperfusion, partial hepatectomy, as well as carbon tetrachloride (CCL4)-

induced liver fibrosis [κ0, κ1]. Platelets are also involved in shaping macrophage

phenotypes, as antiplatelet treatment modulates macrophage activation in vitro, and in

vivo studies show a shift of Kupffer cell activation towards a more adaptive response

and reductions in inflammatory MoMF [7λ]. Consequently, antiplatelet treatment
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or depletion of platelets has been shown to be hepatoprotective in models of viral

hepatitis, ischaemia-reperfusion and thermal injury as well as models of acute and

chronic cholestasis or MASH [7λ, κ1].

1.2.3 Mechanisms of hepatic stellate cell activation and fibrogenesis

Hepatic myofibroblasts and their origins

HSCs are the main matrix-producing cells of the liver [κ2]. In the quiescent state, HSCs

play an important role in the maintenance of tissue homeostasis as vitamin A-storing

pericytes of the liver sinusoids [κ3]. Their activation by different molecules discussed

below leads to the upregulation of type I collagens, α smooth muscle actin (αSMA), and

tissue inhibitor of metalloproteinases (TIMPs) [71], and activated HSCs also express a

number of inflammatory mediators involved in immune cell recruitment and activation

[κ4]. Furthermore, these activated HSCs transdifferentiate into proliferative, migratory,

and contractile myofibroblasts that migrate into fibrous tissue and contribute to scar

contraction [κ3].

Recently, single cell sequencing experiments have revealed the heterogeneity of

activated HSC populations [κ5]. While all populations share the expression of

extracellular matrix proteins, they differ in their expression profile of inflammatory

mediators. Furthermore, HSC show spatial and functional zonation associated with

distinct marker expression profiles with central vein-associated Adamtslhigh HSCs

being the main source of activated myofibroblasts in centrilobular hepatic injury [κ6].

In addition, a population of quiescent HSCs also exists in fibrotic and cirrhotic liver,

which tend to have anti-inflammatory and anti-fibrotic roles via the production of growth
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factors and cytokines [κ7]. Overall, HSC populations are highly dynamic and can also

revert from an activated to a quiescent state [κκ].

While HSCs are the major source of activated myofibroblasts in the liver, other

fibrogenic cell populations are also discussed. Especially in the early phase of biliary

fibrogenesis, portal fibroblasts are a major source of myofibroblasts, but tend to

play a minor role in hepatotoxic diseases [κλ]. Another periportal mesenchymal

cell population with stem cell properties and high proliferative potential also appears

to be involved in the formation of fibrotic septa in various patterns of injury [λ0].

Controversially discussed in the literature, epithelial- and endothelial-to-mesenchymal

transition as well as fibrocytes have been studied as potential sources of hepatic

myofibroblasts [λ1].

Mechanisms of stellate cell activation

TGFβ is the most potent fibrogenic cytokine and is secreted in its latent form by

various hepatic cell populations, particularly by migrating immune cells and by

damaged hepatocytes [λ2]. Upon binding to its cellular receptors, TGFβ induces the

transcription of type I and III collagens and the transdifferentiation into myofibroblasts

via the canonical Smad2/3 pathway [λ3]. Furthermore, TGFβ participates in HSC

activation via mitogen-activated protein kinase (MAPK), extracellular signal-regulated

kinase (ERK), and c-Jun N-terminal kinase (JNK) [λ4]. Activated HSCs also produce

TGFβ themselves, maintaining their own activation in a positive feedback loop [λ5].

PDGF, which is secreted predominantly by endothelial cells, macrophages, and

activated HSCs, causes a proliferative and migratory response and thereby is involved
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in the induction of the myofibroblast phenotype [71]. Other classical HSC activators

include the cytokines VEGF and connective tissue growth factor (CTGF), which also

contribute to activation, proliferation, and extracellular matrix (ECM) production [λ6].

A number of other signalling pathways are involved in HSC activation, but will not

be discussed in detail here due to space limitations. Of particular note are DAMPs

and PAMPs, which act via activation of pattern recognition receptors (PRRs), such as

Toll-like receptors [λ7], and extracellular vesicles released by damaged hepatocytes

[λκ]. Cholesterol also plays an important role, particularly in metabolic liver disease.

Free cholesterol leads to inflammasome activation leading to IL-1β release from liver

macrophages [λλ] and also contributes directly to HSC activation [100]. Nuclear

receptors, such as FXR, LXR, PPARγ, and PPARδ, are also expressed by HSCs and

act as negative regulators of HSC activation [101]. In addition, HSCs interact closely

with the extracellular matrix, particularly via integrins, and increased shear stress

with increasing endothelial cell capillarisation and fibrosis leads to further fibrogenic

activation [55].

Structural changes of the extracellular matrix

In the healthy liver, the Disse space is composed of loose interstitial connective tissue

mainly composed of type I, III and V collagens as well as elastin and fibronectin,

and a basement membrane-like matrix comprising laminins, type IV collagens, and

various proteoglycans [55]. The normal composition and structure of this specialised

extracellular matrix is essential for the function of the embedded liver cells. In the

context of liver fibrosis, the deposition of fibrillar collagens, especially type I collagen,
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Figure 1.4: General mechanisms of liver fibrosis. HSCs as the principal matrix-
producing cells in the liver are activated by a range of hepatic and extrahepatic signals.
Injured hepatocytes secrete exosomes, DAMPs and lipid mediators, while infiltrating
MoMFs and activated Kupffer cells secrete the fibrogenic mediators TGFβ and PDGF.
Other leukocytes also produce fibrogenic cytokines, for example IL-17.
Abbreviationsμ ADP/UDP - adenosine diphosphate/uridine diphosphate, CCL2 - C-
C motif ligand 2, DAMPs - damage-associated molecular patterns, HMGB1 - High-
Mobility-Group-Protein B1, HSEC - hepatic sinusoidal endothelial cell, HSC - hepatic
stellate cell, IL-17 - interleukin 17, MoMF - monocyte-derived macrophage, PAMPs -
pathogen-associated molecular patterns, PDGF - platelet-derived growth factor, TGFβ
- transforming growth factor beta
Originally published in Horn & Tacke, “Mechanismen Der Hepatischen Fibrogenese” [2],
reproduced with kind permission from Springer.

20



Chapter 1 Mechanisms of liver fibrosis

results in a up to 10-fold increase in the abundance of extracellular matrix proteins

[55]. Together with the cross-linking of these collagen fibrils by lysyl oxidases (LOX,

LOXLs) and transglutaminase (TG), the density and stiffness of the extracellular matrix

increases, which eventually contributes to a partial loss of function of hepatocytes and

sinusoidal endothelial cells and to the maintenance of HSC activation [55]. As this

process progresses, normal liver microarchitecture is eventually lost, resulting in an

abnormal blood flow; a condition referred to as cirrhosis, ultimately leading to portal

hypertension and its complications (Figure 1.5).

Figure 1.5: Disrupted liver architecture in fibrosis and cirrhosis. A. Healthy liver is
characterised by a well-organised sinusoidal organisation of the liver lobule that allows
for optimal blood flow and cellular function. B. In fibrosis and cirrhosis, deposition of
scar tissue disrupts normal sinusoidal architecture, blood and bile flow, leading to loss
of hepatocellular function, portal hypertension and proliferation of bile ducts.
Originally published in Horn & Tacke, “Mechanismen Der Hepatischen Fibrogenese” [2],
reproduced with kind permission from Springer.
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1.2.4 General principles of fibrosis regression

The high regenerative potential of the liver has been known since ancient times.

Impressively, liver fibrosis even at later stages has the capacity to regress, as

observed in patients following successful hepatitis C virus (HCV) therapy or in patients

with MASH after severe weight loss [33, λ1]. As a result of the cessation of liver injury,

the balance between matrix synthesis and degradation is shifted towards increased

fibrolysis, resulting in reduced abundance of matix proteins and subsequent fibrosis

resolution [102] (Figure 1.6).

Several processes can lead to decreased synthesis of extracellular matrix by hepatic

myofibroblasts [λ1]. CDκ+ T cells, NK and NKT cells [103–105] and a reduction

in fibrogenic signals including TGFβ and TIMPs [106, 107], induce apoptosis of

activated HSCs and another proportion of HSCs inactivate to a quiescent phenotype

[κκ], resulting in a lower abundance of matrix-producing cells. Furthermore, the

regenerating liver is characterized by increased senescence of HSCs [10κ], which

describes a state of cell cycle arrest with preserved metabolic activity [10λ]. Senescent

HSCs secrete inflammatory cytokines, but at the same time exhibit decreased

fibrogenic activation [110].

In addition to decreased synthesis and secretion of extracellular matrix, active fibrolytic

processes are crucial for the regression of fibrosis. These are largely carried out by

macrophages, which adopt a more restorative phenotype in the regenerating liver,

characterised in part by increased secretion of matrix metalloproteinases (MMPs) [111].

These proteinases actively degrade the extracellular matrix, causing a reduction in scar
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tissue [112, 113]. This process is aided by the downregulation of MMP-inhibiting TIMPs

in HSCs [114]. In addition, these restorative macrophages create an anti-inflammatory

milieu, involving the secretion of IL-10, which inhibits inflammatory processes and

thereby fibrogenesis [115].

Figure 1.6: General mechanisms of liver fibrosis regression. Apoptosis,
senescence and inactivation of activated HSC and myofibroblasts leads to a reduction
in the number of matrix-producing cells. This leads to a decreased secretion of
ECM components and cross-linking enzymes (LOX, LOXLs) and inhibitors of matrix
proteineases (TIMPs). Simultaneously, regenerative macrophages and neutrophil
granulocytes secrete matrix-degrading enzymes, including MMPs and collagenases.
In sum, this leads to a net reduction in the abundance of extracellular matrix and to a
functional regression of fibrosis.
Abbreviationsμ IL-4 - interleukin 4, IL-10 - interleukin 10, FASL - Fas ligand, HSC -
hepatic stellate cell, LOX/LOXL - lysyl oxidase (like), MMP - matrix metalloproteinase,
NK/NKT cells - natural killer/natural killer T cells, TIMPs - tissue inhibitors of
matrix proteineases, TRAIL - TNF-related apoptosis-inducing ligand, VEGF - vascular
endothelial growth factor.
Originally published in Horn & Tacke, “Mechanismen Der Hepatischen Fibrogenese” [2],
reproduced with kind permission from Springer.
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1.2.5 Therapeutic strategies targeting inflammation and fibrosis

Unfortunately, for many patients with chronic liver disease no sufficiently effective

causal therapeutic options are available. Therefore, major efforts are currently

underway to develop new therapies that directly target the underlying mechanisms of

liver inflammation and fibrosis [116].

Blockade of the chemokine receptors CCR2 and CCR5 can inhibit the infiltration of

inflammatory monocytes. While this strategy has been very effective in preclinical

models, the phase 3 trial of the CCR2/CCR5 inhibitor cenicriviroc in patients with

MASH has unfortunately been negative [117]. Modulation of nuclear receptors, such

as FXR or PPAR, is also an interesting approach as it can shift the polarisation

of macrophages towards a pro-resolution phenotype [11κ]. Promising compounds

currently in clinical trials include FXR agonists such as obeticholic acid, cilofexor,

tropifexor and others, and the pan-PPAR agonist lanifibranor [116]. However, the

aforementioned therapeutic approaches have mainly been developed for patients

with MASH. Although the basic features of liver inflammation and fibrosis are shared

across different aetiologies of chronic liver disease, different mechanisms and cell

populations are involved [52]. Therefore, alternative strategies tend to be pursued for

other aetiologies where macrophages play a less significant role, such as targeting

neutrophils in alcoholic liver disease [11λ] or T cell-directed therapies in viral and

autoimmune hepatitis [120, 121].

Direct inhibition of HSC activation is an obvious therapeutic strategy to prevent fibrosis

progression. However, attempts to inhibit TGFβ signalling as the main activator of
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HSCs have failed due to the high side effect potential of systemic blockade [122].

Attempts are therefore currently being made to specifically modulate local TGFβ

activity by blocking integrins [123]. Furthermore, activators of nuclear receptors in

HSCs, such as FXR and PPAR agonists, are expected to have a direct antifibrotic

effect [71]. In addition, cell therapies using regenerative differentiated macrophages

and mesenchymal stromal cells are being tested in preclinical and early clinical trials

and show promising anti-inflammatory and anti-fibrotic signals [124].

1.3 Bone morphogenetic protein signaling in liver fibrosis

1.3.1 The BMP signalling pathway

The TGFβ family of proteins consists of several subfamilies with similar structure

and signalling properties, including the TGFβ subfamily, activins and inhibins, bone

morphogenetic proteins (BMPs), left-right determination factors and a various group

of other family members. Bone morphogenetic proteins are the largest subfamily,

comprising more than 15 members in humans [125]. They are constitutively secreted

and most members form homodimers although heterodimers have also been described

[126]. BMPs were initially discovered as regulators of bone and cartilage formation

[127, 12κ], embryonic development [12λ] and an array of other cellular functions [130].

BMPs bind to a hetero-tetrameric receptor complex comprised of Type I and Type

II receptors, which upon BMP binding form a complex and initiate canonical and

non-canonical signalling cascades. The canonical signalling pathway involves the

phosphorylation and subsequent activation of the regulatory Smad proteins Smad
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1, 5 and κ which, upon complexing with the co-Smad Smad4, act as transcription

factors driving the expression of genes involved in cell differentiation and survival. The

activity on gene regulation largely depends on several DNA binding partners acting as

co-activators and co-repressors and therefore downstream effects of BMP signalling

are largely context-dependent [131]. Interestingly, some BMPs such as BMP2, BMP11

and BMP16 can also bind to TGFβ receptors and thereby signal through the fibrogenic

Smad2/3 pathway [132]. Non-canonical signalling pathways involve Rho-, protein

kinase C- and PI3K/AKT signalling which can induce various cellular responses

depending on cell type and biological context [133].

1.3.2 The role of BMPs in liver health, inflammation and fibrosis

The role of BMPs in liver homeostasis is only incompletely understood. Best described

are their roles in iron and glucose metabolismμ BMPs 2, 4 and 6 upregulate hepatic

hepcidin expression and thereby regulate circulating and hepatic iron levels while

BMPλ maintains hepatic insulin sensitivity and glucose tolerance [134]. Furthermore,

BMPs are differentially regulated in hepatic organogenesis and likely have a role

in cell specification, although specific evidence is largely lacking [134]. Still, recent

evidence showed that BMPs have an important role in providing and maintaining

specific hepatic cell nichesμ HSC-derived BMPλ/10 maintains normal Kupffer cell

differentiation through activin receptor-like kinase 1 (ALK1) signalling, while a similar

signalling network exists between endothelial cells and Kupffer cells through BMP2/6,

though this has not been validated on a functional level [135]. Similar signalling
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Figure 1.7: The TGFβ and BMP signalling pathway. (see text for details)
Abbreviationsμ AKT - Akt serine/threonine kinase, BMP - bone morphogenetic protein,
ECM - extracellular matrix, EMT - epithelial-to-mesenchymal transition, MAPK -
mitogen-activated protein kinase, PKC - protein kinase C, TGF - transforming growth
factor
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networks may be involved in maintaining the quiescent HSC niche as endothelial

cell-derived BMPs such as BMP7 are capable of suppressing HSC activation [136].

BMPs have an established role in several diseases, including renal fibrosis,

atherosclerosis and pulmonary hypertension [137, 13κ]. Specific mechanisms,

especially regarding fibrosis in chronic liver disease, are poorly understood although

experimental evidence suggests a role of BMPs in liver regeneration in both acute and

chronic liver injury. Importantly, different BMPs can have various effects on hepatic

regenerative capacityμ studies suggest that BMP4 and BMPλ reduce liver regeneration

[13λ, 140], recombinant BMP7 can restore liver regeneration after partial hepatectomy

[141] and BMP2 is important for hepatocyte differentiation of liver progenitor cells in

chronic liver injury and thus may be involved in the regenerative process of the ductular

reaction [142].

BMPs may play an essential role in the regulation of HSEC biology, with autocrine

BMP2 signalling in HSEC upregulating pro-inflammatory gene expression [143]. This

is probably mediated by an upregulation of nuclear factor κB (NF-κB) signalling

which promotes TNFα-induced leukocyte adhesion, resulting in increased intercellular

adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1)

expression [144]. The pro-inflammatory effect of BMP2 on endothelial cells can be

inhibited by BMP inhibitors like Noggin [143] or BMP modulators as BMP binding

endothelial regulator (BMPER) [144]. Like BMP2, the structurally similar BMP4 can

upregulate NF-κB signalling and ICAM1 expression in endothelial cells, thus promoting

increased adhesion of monocytes in static adhesion assays [145]. Consequently,

endothelial-specific knockout of BMP4 in mice reduces rolling and adhesion of
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leukocytes in response to TNFα [146]. Endothelial subsets however differ in their

susceptibility to BMP2 and BMP4 signalling, as shown for BMP4 on rat carotid and

pulmonary endothelial cells [145] and for BMP2 on HSEC and the vascular endothelial

cell line HUVEC [143]. Whether BMPs 2 and 4 however regulate leukocyte recruitment

in liver disease has not been studied yet. BMP7 and BMPλ might have a more

adaptive role in the maintenance of sinusoidal endothelial function. BMP7 inhibits

endothelial to mesenchymal transition of murine HSEC [147], which could contribute to

the anti-fibrotic effects of BMP7 described below. BMPλ was identified as an important

factor for the normal differentiation and maintenance of HSEC biology, with its deletion

leading to capillarisation of the sinusoidal endothelium, liver inflammation and fibrosis,

whereas treatment of HSEC with BMPλ in vitro restores HSEC fenestration in primary

murine cell culture [14κ].

Evidence suggests a role of BMPs in hepatic fibrogenesis. Loss of Smad1/5/κ in mice,

one of the central signalling molecules in canonical BMP receptor signaling, leads to

severe iron overload and liver fibrosis [14λ]. Although circulating levels and hepatic

gene expression of BMP7 increase with the progression of liver disease, and early

findings supported a pro-fibrogenic role for BMP7 [150], more recent experimental data

point towards a protective role of BMP7 in liver fibrosis where it represses fibrogenic

gene expression in hepatic stellate cells in vitro in a Smad-dependent manner [136].

A role for BMP7 is supported by data indicating that the administration of recombinant

BMP7 [151, 152] and the adenoviral overexpression of BMP7 [136] attenuate fibrosis

in murine models. This might be mediated by direct effects on hepatic stellate cells,

as overexpression of BMP7 can inhibit TGFβ-induced activation of HSCs in primary
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rat HSCs and the human HSC cell line LX-2 [136]. On the other hand, BMP4 exerts

fibrogenic effects in a bile duct ligation model, mediated by Smad1 and ERK-MAPK

pathways [153]. Similarly, overexpression of BMPλ leads to increased liver fibrosis

[140], and paradoxically a complete knockout likewise results in HSC activation and liver

fibrosis [14κ], suggesting the need for a tight regulation of BMPs in liver pathobiology.

In murine dietary models of MASH specifically, BMP6 has a protective effect against

liver inflammation and fibrosis as shown by knockout of BMP6 [154].

1.3.3 Intra- and extracellular modulators of BMP signalling

The activity of BMPs is regulated by several extracellular soluble BMP inhibitors and

antagonists, including the Twisted gastrulation family, Chordin, Noggin, Follistatin

and Follistatin-like proteins and the Dan family, including Gremlin-1 [133]. While

most of these proteins show clear anti-BMP properties by inhibiting BMP binding

to their receptors, interestingly, these modulators can have diverse functions by

neutralising, solubilising and transporting BMPs [155]. For example, while Chordin

and Twisted gastrulation in complex show anti-BMP behaviour, the latter can promote

BMP signalling by preventing BMP proteins from extracellular matrix binding and

maintaining them in solution [155]. Extracellular matrix proteins such as Collagens

and BMPER can also interact with BMP proteins and modulate their activity [133].

A range of membrane-bound co-receptors and decoy receptors also modulate the

activity of BMPs and their receptors. Co-receptors can serve to either increase or

repress BMP receptor signalling, with prominent members including the dragon family

(potentiating BMPs signalling [156]) or endoglin, which elicits inhibitory effects [157].
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Decoy receptors such as BMP and activin membrane bound inhibitor (BAMBI), on the

other hand, inhibit BMP signalling by competing with BMP receptors for ligand binding

while lacking an intracellular signalling domain [15κ].

In summary, BMPs are involved in a number of physiological and pathophysiological

processes of relevance for the development and progression of chronic liver disease.

Therefore, BMPs and their signalling pathways represent potential therapeutic targets.

1.4 Gremlin-1

1.4.1 Structure and function

Gremlin-1 (GREM1) is a secreted protein comprising 1κ4 amino acids, and was

discovered in 1λλκ as a factor regulating embryonic patterning [15λ]. It belongs to

the cystine-knot superfamily of proteins, along with proteins like TGFβ and vascular

endothelial growth factor A (VEGFA) [160]. Gremlin-1 is secreted via the constitutive

secretory pathway and exists in both glycosylated and non-glycosylated form, and

in Western Blot after denaturing gel electrophoresis produces bands at 22 and 26

kDa for the non-glycosylated and glycosylated form, respectively [161]. Furthermore,

Gremlin-1 can form homodimers by forming disulfide bonds between cysteine residues

at position 141 [162].

Figure 1.κ gives an overview of the cellular sources, biological properties and functions

of the Gremlin-1 protein. As a member of the Dan family of proteins, Gremlin-1 binds

to BMPs 2, 4 and 7 and thereby inhibits their binding to BMP receptors [161]. The

BMP-antagonistic function of Gremlin-1 is responsible for most of the Gremlin-1-
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mediated effects described so far, although an increasing number of reports describe

important functions mediated by modulating vascular endothelial growth factor receptor

2 (VEGFR2) [163] and antagonising monocyte migration inhibitory factor (MIF) [164].

The interaction of Gremlin-1 with VEGFR2 mediates pro-angiogenic responses [163],

and is dependent on dimerisation of Gremlin-1 and its binding to heparin or heparan

sulfate [162, 165], although the latter is not necessary for the interaction with BMPs

[166–16κ]. Interestingly, recent studies also found that Gremlin-1 can bind to and

neutralise TGFβ1 and thereby dampen fibrotic processes [16λ–171].

Under healthy conditions in humans and rodents, Gremlin-1 gene expression is high

in the gastrointestinal tract, omental adipose tissue, lymph nodes and in the brain

but low in liver [172]. Its important role in kidney development and bone formation is

demonstrated by renal agenesis and deformed limbs caused by complete knockout

of Grem1 in mice, which is neonatally lethal [173]. Furthermore, knockdown in

adult mice leads to intestinal and bone marrow failure, indicating a role for epithelial

and stem cell regeneration [174]. Mainly mediated by its effect on VEGFR2, and

probably independent of BMP signalling, dimeric Gremlin-1 mediates pro-angiogenic

responses with implications for atherosclerosis and cancer development [163, 165,

175–177]. Importantly, Gremlin-1 is also involved in adipogenesis and mediates

adipocyte dysfunction in hypertrophic adipose tissue by inhibiting BMP4 [172, 17κ,

17λ]. This likely plays a role in the development of diabetes mellitus type 2, where

increased levels of Gremlin-1 have been observed [172, 1κ0]. Not least, Gremlin-1

expression has been discovered in platelets, which store the protein in alpha-granules
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Figure 1.8: Overview of Gremlin-1 sources and putative biological functions. (see
text for details)
Abbreviationsμ BMP - bone morphogenetic protein, MIF - macrophage migration
inhibitory factor, VEGFR2 - vascular endothelial growth factor receptor 2.
Figure was created with BioRender.com.
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and release Gremlin-1 upon activation [1κ1], potentially mediating monocyte-mediated

inflammation and macrophage activation in atherosclerotic plaques [164, 1κ1–1κ3].

1.4.2 Gremlin-1 in liver inflammation and fibrosis

Fibrosis is now accepted as the major determinant of prognosis in patients with chronic

liver disease and MASLD in particular [16]. Indeed, although Gremlin-1 in the liver

has not been studied in great detail yet, preliminary evidence supports a potential

role for Gremlin-1 in liver fibrosis. BMPs and BMP antagonists like Gremlin-1 are

believed to play a role in the induction of fibrogenic responses in fibroblasts and were

therefore proposed as regulatory factors in organ fibrosis. While BMPs 2 and 4 can

induce inflammatory processes as described above, BMP2/4 and 7 are thought to exert

mainly anti-fibrotic functions in the liver by interfering with the TGFβ signalling pathway,

while their inhibition by BMP antagonists like Gremlin 1 consequently would lead to

a shift of the balance towards a pro-fibrotic state [133]. Indeed, Gremlin-1 is highly

expressed in fibroblasts in different organs, including skin, lung, kidney and pancreas,

and expression in those organs increases with the presence and progression of fibrosis

[173, 1κ4, 1κ5]. In intestinal fibrosis, Gremlin-1 promotes fibroblast proliferation and

activation through increased fatty acid oxidation mediated by VEGFR2/MAPK signalling

[1κ6] and has thereby been identified as a promising therapeutic target.

Despite Gremlin-1 being expressed at very low or undetectable levels under healthy

conditions in human (GSE3526, [172]) and rodent liver [1κ7], mRNA expression

has been described to increase in fibrotic liver, as seen in Mdr2-/- mice (a model of

cholestatic liver disease) fed a cholate containing diet [1κ7] and porcine serum-induced
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murine liver fibrosis [1κκ]. This increase in hepatic Gremlin-1 expression is thought to

be mainly attributable to activation of HSCs, with human HSC-derived myofibroblasts

showing increased Gremlin-1 expression compared to quiescent and early activated

HSC [1κ7, 1κλ]. Similarly in mice, Gremlin-1 expression is much higher in portal

fibroblasts than in activated HSCs in both bile duct ligation and CCL4 models of

liver fibrosis [κλ]. This increase of Gremlin-1 expression with progression of fibrosis

at both the cellular and organ level implies a potential role for Gremlin-1 in hepatic

fibrogenesis, and indeed, there is some evidence that Gremlin-1 promotes liver fibrosis.

This has been shown by decreased TGFβ signalling and liver fibrosis markers upon

down-regulation of hepatic Gremlin-1 following lentiviral transfection of animals with

Gremlin-1 siRNA in a rat CCL4 model [1λ0]. Similarly in vitro, Gremlin-1 overexpression

in HSC cell culture models promotes the expression of pro-fibrogenic marker genes,

whilst siRNA-mediated down-regulation of Gremlin-1 leads to decreased expression

of these activation markers [1κκ, 1λ0]. Recent clinical data show that Gremlin-1 gene

expression is associated with liver fibrosis in subjects with diabetes and MASLD,

further supporting a role for Gremlin-1 in liver fibrosis in this disease [1κ0]. The same

group found that Gremlin-1 promotes hepatocellular senescence, which could promote

liver fibrosis through the YAP/TAZ pathway [1λ1]. On the other hand, Gremlin-1 can

bind and inactivate TGFβ1, which has been shown to inhibit fibrotic processes in the

heart [16λ] and connective tissue [170]. The exact role of Gremlin-1 in liver fibrosis

and its suitability as a therapeutic target remains undefined.

35



Chapter 1 Follistatin-like 3

1.5 Follistatin-like 3

1.5.1 Structure, regulation and function

Follistatin-like 3 (FSTL3) is a 263 amino acid protein with a molecular weight of

27.6 kDa and belongs to the group of follistatin-like proteins, which are secreted

proteins characterised by cysteine-rich follistatin domains [1λ2]. It was first described

as a gene overexpressed in certain kinds of B-cell leukemia and is expressed in

various adult tissues with tight regulation during embryogenesis [1λ3].

FSTL3 shares high sequence similarities with Follistatin and as such avidly binds and

inactivates activins, myostatin [1λ4], and to a lesser degree some BMPs including

BMP2 [1λ5]. FSTL3 plays an important role in whole body energy metabolism, as

demonstrated by knockdown studies on FSTL3, which leads to increased insulin

production, glucose tolerance and a reduction in visceral adipose tissue mass and

insulin sensitivity [1λ6]. Additional physiological functions include bone formation

and bone strengthening, mainly mediated by anti-resorptive effects on osteoclasts

through ADAM12 [1λ7] and repression of the BMP antagonists SOST, which inhibits

bone formation through inhibiting Wnt signalling [1λκ], as well as regulation of

haematopoiesis, stem cell differentation and placenta development [1λ2].

Mainly mediated through its inhibitory effects on activin A, FSTL3 is thought to

promote cardiac hypertrophy [1λλ] and cardiomyocyte-produced FSTL3 can induce

fibroblast activation and production of extracellular matrix [200] which is attenuated

by FSTL3 knockout [1λλ]. FSTL3 also shapes macrophage function, as shown for
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atherosclerosis, where it promotes foam cell formation through increased lipid uptake

and inflammatory gene expression [201]. Furthermore, FSTL3 has been implicated

in a range of malignant tumours and plays a role in tumour cell proliferation and

metastasis [1λ2].

1.5.2 Follistatin-like 3 in liver inflammation and fibrosis

Evidence for a role of FSTL3 in liver inflammation and fibrosis is lacking. FSTL3

expression is increased in human MASLD and MASH livers but shows no correlation

with the stage of fibrosis [202]. Knockout of FSTL3 leads to liver steatosis in mice,

probably mediated by increased insulin sensitivity and upregulation of de novo

lipogenic genes [1λ6, 203]. Furthermore, overexpression of FSTL3 leads to reduced

hepatocellular lipid accumulation [204], which further supports a role in hepatic

steatosis. Therefore, by reducing hepatocellular steatosis, FSTL3 could potentially

attenuate MASLD/MASH disease progression.

On the other hand, little evidence exists on FSTL3 and processes of liver inflammation

and fibrosis. The structurally related FSTL1 has been implicated in HSC activation, liver

inflammation and fibrosis in several murine models of liver disease [205, 206] and some

indirect evidence suggests a role for FSTL3 in hepatic fibrogenesisμ the FSTL3 target

myostatin promotes fibrotic responses in the HSC cell line LX-2, and activin A, the main

target of FSTL3, promotes HSC activation through SMAD2/3 signalling on stellate cells

directly and through induction of an inflammatory phenotype on macrophages [207–

20λ]. The aforementioned fibrogenic effects of FSTL3 on cardiac fibroblasts however

would support a pro-fibrotic role of FSTL3 in chronic liver disease [200]. Therefore,
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while the literature suggests an involvement of FSTL3 in liver fibrosis, be it pro- or anti-

fibrotic, its exact role still needs to be defined.

1.6 Hypothesis and Aims

Chronic liver diseases - and liver fibrosis as the main prognostic determinant - pose

increasing global health care challenges. Currently, no licenced pharmacological

treatment options are available to directly target hepatic inflammation or fibrogenesis.

Evidence suggests that Gremlin-1 might be involved in hepatic stellate cell activation

and thereby promote the progression of chronic liver disease. However, the therapeutic

potential of blocking Gremlin-1 has not been studied yet.

Therefore, we hypothesised that Gremlin-1 is upregulated in MASH fibrosis and

promotes hepatic fibrogenic pathways in chronic liver disease. Furthermore, we

hypothesise that blocking Gremlin-1 ameliorates the inflammatory and fibrotic

response in humans and animal models of liver fibrosis.

The aims of this project were as followsμ

1. To assess the expression profile of Gremlin-1 across different aetiologies of liver

disease and stages of disease.

2. To identify the main hepatic cell types expressing Gremlin-1.

3. To characterise the effects of Gremlin-1 and anti-Gremlin-1 treatment on hepatic

stellate cell activation in vitro and hepatic inflammatory and fibrotic processes in

vivo and ex vivo.
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4. To characterise the role of Gremlin-1 on hepatic sinusoidal endothelial cell

activation, leukocyte recruitment and the differentiation of monocyte-derived

macrophages.

5. To identify common transcriptional signatures in activated hepatic stellate cells

and human liver fibrosis in order to identify and validate potential novel therapeutic

targets.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Ethics

All work on human tissue and blood conformed with the Human Tissue Act and studies

were approved by the local ethics review board (Immune regulation, 06/Q2702/61 and

04/Q270κ/41; Inflammation, 1κ-WA-0214; Fibrosis, 1λ-WA-013λ). Tissue samples

were taken from explanted diseased livers of patients undergoing liver transplantation

for end-stage liver disease of different aetiology (metabolic dysfunction-associated

steatotic liver disease (MASLD)/metabolic dysfunction-associated steatohepatitis

(MASH), alcohol-related liver disease (ArLD), primary biliary cholangitis (PBC), primary

sclerosing cholangitis (PSC)) or donor livers from organ donors that were not deemed

suitable for transplantation after organ retrieval. Blood samples for cell isolation were

taken from patients with hereditary hemochromatosis undergoing venesection for iron

overload or healthy volunteers. Human tissue and blood samples for detection of

Gremlin-1 mRNA by in situ hybridisation or circulating Gremlin-1 protein by luminescent

oxygen channelling immunoassay (LOCI) were collected as part of the Fatty Liver

Disease in Nordic Countries (FLINC) study (Clinicaltrials.gov, NCT04340κ17). All
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Chapter 2 Cell culture

patients or their legal representatives gave informed written consent prior to all

procedures.

2.2 Cell culture

2.2.1 Hepatic biliary epithelial cells, hepatic sinusoidal endothelial cells and

hepatic myofibroblasts

Biliary epithelial cells (BECs), hepatic sinusoidal endothelial cells (HSECs) and hepatic

myofibroblasts (MFs) were isolated as established in our research group, based on

previous work from the institute [210]. A slice of liver of approximately five to ten

millimetre thickness was taken from explanted diseased liver or donor liver not suitable

for transplantation (Ethics see 2.1). The liver slice was processed after a maximum

storage time of 24 hours in Dulbecco’s Modified Eagle Medium (DMEM) (11500416,

Gibco) at 4 °C. After mincing the tissue, 20 mL of phosphate-buffered saline (PBS)

(137mM NaCl, 2.7mM KCl, κ.1mM Na2HPO4ꞏ2H2O, 1.47mM KH2PO4 , pH=7.4) and

a 5mL aliquot of collagenase (10mg/mL, Cλκλ1-500mg, Sigma-Aldrich) were added to

the tissue homogenate and incubated at 37 °C for 25 to 45 minutes, depending on the

texture of the liver tissue. The resulting digest was then filtered through a fine mesh and

the volume topped up to 200mL with sterile PBS, followed by three washing steps with

PBS and centrifugation at λ00xg at room temperature for 5 minutes. Subsequently, the

cells underwent gradient centrifugation at λ00xg for 25 minutes at room temperature

without brake over a 77%-33% Percoll (GE17-0κλ1-01, Sigma-Aldrich) gradient in

15mL conical tubes (Corning). The cells at the interface were collected and washed

two times in PBS at λ00xg for 5 minutes at room temperature.
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These centrifugation and washing steps were followed by a stepwise positive

magnetic bead selection to isolate BEC and HSEC. For isolation of BEC, the pellet

was incubated with 50ȝL of anti-epithelial cell adhesion molecule (EpCAM) mouse

monoclonal antibody (10 ȝg/mL, clone HEA125, 61004, Progen) in 500ȝL PBS at

37 °C for 30minutes under constant agitation. Subsequently, cells were washed and

incubated with 10ȝL cold anti-mouse-IgG-coupled magnetic beads (11041, Invitrogen)

in 500ȝL PBS for 30minutes at 4 °C under constant agitation. Following the addition of

6mL of ice-cold PBS, the tube was placed in a magnet and the supernatant removed

and transferred into a new 15mL conical tube. The procedure was repeated once

again and the EpCAM+ cells were resuspended in BEC media (Table 2.1) and seeded

onto collagen-coated tissue culture flasks. BEC were not used in this thesis and given

to other researchers at the institute.

The conical tube containing supernatant from BEC isolation was then placed in a

magnet to remove residual beads and cells were spun-down at λ00xg for 5 minutes

at room temperature. The supernatant was removed and cells were resuspended in

500ȝL cold PBS containing 10ȝL anti-CD31-conjugated magnetic beads (11155D,

Invitrogen), followed by a 30 minutes incubation at 4 °C with constant agitation.

The positive selection of CD31+ cells was performed as for BEC isolation and

the HEA125-CD31- supernatant was collected for MF culture. CD31+ HSEC were

recovered from the magnet and resuspended in HSEC medium (Table 2.1) and plated

on a collagen-coated tissue culture flask. Finally, the supernatant from HSEC isolation

was placed in a magnet to remove residual beads and cells were spun down at λ00xg

for 5 minutes at room temperature. The pellet was then resuspended in fibroblast
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culture medium (Table 2.1) and the cells seeded on a uncoated plastic tissue culture

flask.

HSEC were grown in full HSEC medium (Table 2.1) on collagen-coated polystyrene

culture flasks until λ0% confluent and subcultured at a 1μ4 ratio using Gibco TrypLE

Express Enzyme (12605010, Fisher Scientific) for cell dissociation. MFs were grown

in full fibroblast medium (Table 2.1) on uncoated polystyrene culture flasks until λ0%

confluent and subcultured at a 1μ3 ratio using Gibco TrypLE Express Enzyme for cell

dissociation. Both HSEC and MF were used up to passage 5.

Table 2.1: Composition of culture media

BEC HSEC Fibroblast
DMEM/F12 Human endothelial SFM DMEM
10 % HS 10 % HS 16 % FCS
100 U/mL PS 100 U/mL PSG 100 U/mL PSG
2 mM L-Glutamine 10 ng/mL HGF
10 ng/mL EGF 10 ng/mL VEGF
2 mg/mL Hydrocortisone
10 ng/mL Choleratoxin
2 nM Triiodo-thyronine
0.124 U/mL Insulin
5 ng/mL HGF
10 ng/mL VEGF
Abbreviationsμ DMEM - Dulbecco’s Modified Eagle Medium, EGF - epidermal growth factor,

FCS - fetal calf serum, HGF - hepatocyte growth factor, HS - human serum, PS(G) - penicillin-

streptomycin(-glutamine), SFM - serum-free medium, VEGF - vascular endothelial growth factor
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2.2.2 LX-2 cells, primary human hepatic stellate cells and HepG2

LX-2 cells were purchased from Merck (SCC064, Merck KGaA, Germany),

reconstituted and cultured according to the distributor’s instructions. Cells were

subcultured at a 1μ3 to 1μ6 ratio using Gibco TrypLE Express Enzyme for cell

dissociation. Only LX-2 cells up to a passage number of 15 were used for experiments.

For cell culture experiments, LX-2 cells were seeded at a density of 25x103 cells/cm2 in

2% fetal calf serum (FCS), 1% Penicillin-Streptomycin-L-Glutamine (PSG) (1037κ016,

FisherScientific Ltd) in Gibco DMEM (high-glucose, containing pyruvate, 10313021,

FisherScientific Ltd) on uncoated polystyrene cell culture multiwell plates. Cells were

grown to adhere over 24 hours and serum-starved in 0.2% FCS medium (containing

PSG) for another 24 hours before changing medium to treatment conditions in 0.2%

FCS medium.

Primary human hepatic stellate cell (HHSC) isolated from adult healthy donors were

purchased from Caltag Medsystems Ltd (IXC-10HU-210, Lot numbersμ 300075-

7, 30007λ-1, 3000κ0-1). Cells were grown in 10% FCS, 1% PSG (1037κ016,

FisherScientific Ltd) in DMEM (high-glucose, containing pyruvate, 10313021,

FisherScientific) and subcultured in a 1μ4 ratio using Gibco TrypLE Express Enzyme

(12605010, Fisher Scientific) for cell dissociation. HHSC were used up to a passage

number of 3 (parent cells) or 4 (lentivirally transduced cells). For cell culture

experiments, HHSC were seeded at a density of 7.5x103 cells/cm2 in 10% FCS, 1%

PSG in Gibco DMEM (high-glucose, containing pyruvate, 10313021, FisherScientific)

on uncoated polystyrene cell culture multiwell plates. Cells were grown to adhere

44



Chapter 2 Cell culture

over 24 hours and serum-starved in 2% FCS medium (containing PSG) for another 24

hours before changing medium to treatment conditions in 2% FCS medium.

HepG2 cells are a human hepatoma cell line and were purchased from ECACC

(#κ5011430). Cells were grown in 10% FCS and 1% PSG in DMEM on uncoated

polystyrene cell culture flasks and subcultured in a 1μ6 ratio using Gibco TrypLE

Express Enzyme. For experiments, cells were seeded at a density of 25x103 cells/cm2

in full culture medium on uncoated polystyrene cell culture plates. All cell culture

experiments on HepG2 cells were performed in full culture medium without serum

starvation.

All cells were grown and maintained in cell culture incubators at 37°C in a 5% CO2

atmosphere.

2.2.3 Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMC) were isolated from venesection blood from

patients with haemochromatosis or from healthy volunteers, i.e. healthy researchers

in the institute who consented to give blood for research (Ethics see 2.1) using an

established protocol [211]. Blood was anticoagulated with ethylenediaminetetraacetic

acid (EDTA) and processed immediately. LymphoprepTM (Stemcell technologies) was

used as density gradient medium and 15mL were aliquoted in each 50mL conical tube.

After diluting blood 1μ1 in 0.1%BSA in PBS (PBSA), 30mL of diluted blood was carefully

layered on top of LymphoprepTM and centrifuged at κ00xg for 20 minutes at room

temperature without brake. The top layer containing plasma was carefully removed and
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the band of cells, consisting of PBMC, at the interface collected into new 50mL conical

tubes. To remove residual plasma, medium and contaminating platelets, PBMCs were

washed three times in 0.1% PBSA at 150xg for 10 minutes at room temperature. Cells

were then counted using a Neubauer haemocytometer and resuspended in medium at

a density depending on subsequent procedures.

2.2.4 Monocyte-derived macrophages

For monocyte-derived macrophage experiments, PBMCs were isolated as described

above (2.2.3). Cell density was adjusted to 5x106 cells per mL of culture medium

(Table 2.2) and 2mL of cell suspension (=10 million cells) were seeded into each well of

a 6-well plate. PBMCs were then incubated on plastic for 2 hours at 37°C and 5% CO2

to allow for monocytes to adhere. The plate was then vigorously swirled and washed

three times with 2mL sterile PBS to remove non-adherent non-monocytic cells. After

this step, all remaining cells were assumed to be monocytes.

Differentiation into macrophages was achieved by adding 2mL of macrophage

activation medium (Table 2.2) per well and subsequent incubation at 37°C and 5% CO2

for five days. On day five, medium was replaced with macrophage stimulation medium

(Table 2.2) containing different additives, depending on the specific experiment, and

incubated for another two days before harvesting cells and supernatants for analysis.
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Table 2.2: Composition of monocyte and macrophage culture media

monocyte medium macrophage activation macrophage stimulation

RPMI RPMI RPMI
10% FCS 10% FCS 10% FCS
1% PSG 1% PSG 1% PSG

5ng/mL M-CSF 25ng/mL M-CSF
additives (e.g. LPS, IFNy, IL-4)

Abbreviationsμ FCS - fetal calf serum, IFNγ - interferon gamma, IL-4 - interleukin 4, LPS -

lipopolysaccharide, M-CSF - macrophage colony-stimulating factor, PSG - penicillin-streptomycin-

glutamine, RPMI - Roswell Park Memorial Institute Medium

2.2.5 Washed human platelets

Platelets were isolated from human blood with a protocol modified from Cazenave et

al [212]. The blood was obtained from patients with haemochromatosis undergoing

venesection for iron overload (Ethics see 2.1). Blood was anticoagulated with a citrate-

dextrose solution (C3κ21, Sigma-Aldrich) in a ratio of 1μλ, i.e. 50mL for one blood

bag. After collection, blood was transferred into 50mL conical bottom tubes (Corning)

and centrifuged at 250xg at room temperature and without brake for 16 minutes. Only

the upper two thirds of the platelet-rich plasma on top of the resulting layers were taken

and transferred into a new 50mL conical bottom tube (Corning). After adding 0.5 µL/mL

prostaglandin I2 (PGI2) (1mM, P61κκ, Sigma-Aldrich) to avoid platelet activation, the

blood was incubated at 37°C for 10 minutes. Before centrifugation of the platelet-rich

plasma at 2,200xg at room temperature for 16 minutes, a further 0.5 µL/mL PGI2 were

added. The resulting supernatant was decanted, making sure no visible traces of

plasma remained. The pellet was gently resuspended in modified Tyrode’s albumin

solution (NaCl 136.5mM, KCl 2.7mM, NaHCO3 11.λmM, NaH2PO4 0.43mM, HEPES
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5mM, Glucose 5.5mM, bovine serum albumin (BSA) 0.35%), followed by the addition

of 2 µL/mL heparin (5000U/mL, H314λ-25KU, Sigma-Aldrich) and 0.5 µL/mL PGI2, then

washing in Tyrode’s albumin solution and 0.5 µM PGI2 two times at 1,λ00xg for κ

minutes at room temperature. Prior to the final centrifugation step, platelets were

counted using a Neubauer haemocytometer and the resulting pellet was resuspended

in DMEMwith the platelet count adjusted to 300x106/mL. Platelet lysates were obtained

by repeated freeze-thaw cycles and sonication.

2.3 Stimulation of platelets and flow cytometry

Washed platelets were stimulated with different known platelet activators in order to

generate activated platelet supernatant (aPS) for treatment of cells in subsequent

studies. Platelets at a concentration of 300x106 cells/mL were dispensed in seven

sterile 15mL conical tubes and treated with either thrombin (BML-SE363-1000, Enzo

Life Sciences, Inc.), adenosine-diphosphate (ADP) (HB-5502-FG, Hart Biologicals

Limited) or arachidonic acid (AA) (HB-5506-FG, Hart Biologicals Limited) at different

concentrations or without any activating compound (buffer, unstimulated platelet

supernatant (uPS)) and incubated for up to 30 minutes with intermittent agitation.

After 5, 15 and 30 minutes, samples were taken for subsequent analyses. In order

to create uPS and aPS, 1mL of platelet suspension of each tube was decanted after

5, 15 and 30 minutes and transferred into 1.5mL microtubes. Subsequently, platelet

suspensions were pelleted at 13,000xg for 20 minutes at 4 °C and aliquoted in new

1.5mL microtubes for subsequent analyses and assays. For flow cytometry, 100µL

of stimulated platelet suspension were fixed in 1% paraformaldehyde (PFA) in PBS
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for 30 to 60 minutes at room temperature and washed two times with 2% FCS in

PBS to remove fixative. Platelets were then stained with PE-conjugated anti-CD41

antibody (303705, BioLegend), FITC-conjugated anti-CD62P antibody (42λ3603,

BDBiosciences) or the respective isotype control antibodies PE mouse IgG1ț (400111,

Biolegend) and FITC rat IgG1Ȝ (42λ3603, BDBiosciences), at 1μ50 dilution for 30

minutes at room temperature in the dark. Subsequently, platelets were washed two

times with 2mL 2% FCS in PBS and resuspended in a final volume of 1mL 2% FCS

in PBS before finally being analysed on a CyANTM ADP Analyser (Beckman-Coulter).

2.4 Precision-cut liver slices

To study the effects of interventions targeted at Gremlin-1 in a human ex vivo liver

model, we used the method of precision-cut liver slices (PCLS) as described previously

[213]. Cylinders of liver tissue were prepared by taking biopsies from resection or

explant livers using a disposable κmm skin biopsy punch blade (ACCU-Punch, EMS).

These cylinders were subsequently embedded in 3% low-melt Agarose (Aλ414, Sigma)

in phenol-free Hank’s Buffered Salt Solution (HBSS, 141750λ5, Gibco) and cut into

250µm sections using a vibratome (VT1200S, Leica biosystems). Next, the slices

were equilibrated in pre-warmed full PCLS culture medium (Table 2.3) at 37°C for one

hour, and meanwhile, treatment conditions were prepared in PCLS culture medium.

Treatment solutions were then added at 1.5mL per well into a 12-well plate containing

3 µm transwell inserts (GD665631, SLS). Finally, one piece of PCLS was transferred

into the insert in each respective well and the plates were incubated for 24 hours on a
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rocker at 37°C in a humidified atmosphere containing 5% CO2, shaking at a frequency

of 20/min.

Table 2.3: Composition of PCLS culture medium

Williams E medium
2% FCS
100U/mL PS
2mM L-Glutamine
1X Insulin-Transferrin-Selenium (ITS-G)
100 nM dexamethasone

Abbreviationsμ FCS - fetal calf serum, PS - penicillin-streptomycin

2.5 Animal experiments

All animal experiments were performed by Novo Nordisk, Maalov, Denmark and were

approved by The Danish Animal Experiments Inspectorate using permission 2017-

15-0201-01215. Male, κ-10 weeks old Sprague Dawley rats (n=130, Janvier Labs,

France) were fed a choline-deficient, L-amino acid defined, 1% cholesterol, high-fat

diet (CDAA-HFD) (A160λ2003, Research Diets Inc, New Brunswick, New Jersey) for

the duration of 12 weeks, with weekly subcutaneous administration of 25, 2.5, 1 or

0.25mg/kg of NNC0502-2021 heparin-displacing or 25, 2.5, or 1mg/kg NNC0502-0361

non heparin-displacing antibody during weeks 6 to 12. The first dose was administered

as a double dose to increase time spent at steady state drug exposure. In the isotype

control group, isotype human IgG1.1 antibody was administered at a dose of 25mg/kg.

A separate group of animals was fed control chow diet (n=5, chow, Altromin 1324,

Brogaarden, Lynge, Denmark) for the duration of the study without any antibody

treatment. After 6 weeks of dosing, animals were sacrificed in a fed state 6 days post
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last dose, and plasma and tissue were collected for analysis. Plasma was collected

by sublingual sampling two days before drug administration for the first two weeks,

as well as two days after drug administration throughout duration of the study. Liver

enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in

plasma were quantified according to manufacturer’s instructions on the Cobas C501

machine (Roche Diagnostics, Basel, Switzerland).

2.6 Lentiviral overexpression of GREM1

2.6.1 Construction of the lentiviral vector for GREM1 overexpression

Lentiviral transduction is a suitable andwell-establishedmodel for stable overexpression

of transcripts and proteins in both cell lines and primary cells [214]. We used a

replication-deficient recombinant second generation lentivirus and cloned the coding

sequence for Gremlin-1 (Origene, Cat-No RC210κ35) into the plasmid pWPI (kindly

provided by Roy Bicknell at University of Birmingham), also containing the coding

sequence for the enhanced green fluorescent protein (eGFP). In the following, this

plasmid will be referred to as Gremlin-1 (GREM1)-pWPI. The pWPI plasmid including

the sequence for eGFP but lacking the GREM1 insert (green fluorescent protein (GFP)-

pWPI) was used to generate an empty vector control in subsequent experiments

(GFP-control). Figure 2.1 gives an overview of the cloning steps for production of the

GREM1-pWPI plasmid.

GFP-only control and GREM1 lentiviruses were produced by transfecting HEK2λ3T

cells with Lipofectamine 3000 (L3000001, Invitrogen) in OptiMEM (31λκ5070, Gibco)
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Figure 2.1: Cloning of the GREM1-pWPI plasmid. A The Gremlin-1 sequence was
modified by using mismatching primers to introduce a more efficient Kozak sequence
for optimal overexpression and introducing stop codons. Mismatched primer bases are
highlighted in red. B Simplified schematic for cloning of the GREM1-pWPI plasmid.
First, the modified GREM1 sequence was amplified by polymerase chain reaction
(PCR) using the aforementioned primers followed by digesting the remaining plasmids
with the restriction enzyme DpnI and 5’phosphorylation of the amplified inserts. To
prepare the plasmid pWPI for insertion of the GREM1 encoding fragment the plasmid
was digested with PmeI, followed by de-phosphorylation to prevent backbone re-ligation
in subsequent steps. Finally, the GREM1 inserts were co-incubated with the PmeI-
digested pWPI plasmids in the presence of DNA ligase before transforming competent
E. coli and Sanger sequencing (Source Bioscience) to confirm correct orientation of the
insert and the fidelity of the polymerase reaction (not shown).
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containing 14.4 µg GFP-pWPI or GREM1-pWPI, κ.33 µg psPAX2 - providing the

lentiviral replication function - and 2.63 µg pMD2.G - for pseudotyping with the VSV-G,

enabling cell entry of the virus into mammalian cells. Supernatants were collected on

the two days following transfection and concentrated by density gradient centrifugation

on 10% sucrose. The concentrated pseudovirus particles were aliquoted and stored

at -κ0°C. Human cell lines and primary cells were transduced by incubation with 5 µL

of the GREM1 or GFP-control virus per 100,000 cells in full growth media. Lentivirally

transduced LX-2 cells were sub-cultured until confluent before being sorted on the BD

FACSAriaTM (BD Biosciences) to obtain cells with top 10% highest eGFP expression.

No sorting was performed on lentivirally transduced primary cells due to limitations in

cell numbers and long-term culture.

2.6.2 DNA gel electrophoresis

Agarose gel electrophoresis was performed to verify the correct size of oligonucleotides

and linearised plasmid during cloning procedures. 2 g of agarose were added to 100mL

of BionicTM Buffer (Sigma) and brought to the boil in a microwave. The 2% agarose

solution was then cooled on ice before adding 10µL of 10,000X SYBR Safe (S33102,

Invitrogen) and mixing well. The gel was then poured onto the gel chamber and a

comb was inserted. After leaving the gel to solidify, 5 µL of 100bp or 1kb DNA ladder

(N0551S and N3232L, New England Biolabs) and samples diluted 1μ5 in Gel Loading

Dye (B7021S, New England Biolabs) were pipetted into the wells. The gel was then run

on 100V for two hours before being imaged imaging on a ChemiDoc Imaging station

(ChemiDoc MP, BioRad, UK).
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2.6.3 Validation of GREM1 overexpression

A combination of different methods was used to verify transduction and GREM1

overexpression. Transduction with both the GFP-control and GREM1 lentivirus

should lead to production of eGFP by the cells, which can be detected by fluorescent

microscopy and flow cytometry. Cells were visually checked for successful transduction

by inspection under an inverted fluorescent microscope. For flow cytometry, cells

were detached and suspended in FACS buffer (PBS + 2% FCS + 1mM EDTA)

and filtered through a 70µm sterile nylon mesh before being analysed on a flow

cytometer (CyAnTM ADP Analyzer, Beckman Coulter or BD FACSAriaTM). Cells with

a fluorescence intensity higher than that of non-transduced cells were identified

as expressing eGFP and the percentage of positive cells was calculated. In

addition, quantitative polymerase chain reaction (PCR) was performed to check for

overexpression of the GREM1 insert (see section 2.10.2b).

2.7 Functional assays

2.7.1 Flow-based adhesion assays

Flow-based adhesion assays are a standard method in our group for the in vitro study

of the interaction between HSEC and leukocytes under conditions of laminar flow and

were performed according to established standard protocols [215]. HSEC were seeded

at a density of 60,000 cells per channel in 6 channel µ-slides with a growth area of

0.6 cm2 per channel (µ-Slide VI 0.4, IbidiTreat, Ibidi), pre-coated with rat-tail collagen

type I (C3κ67, Sigma). Complete HSEC medium was used for growing cells in slides
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for 24 to 4κ hours. When monolayers reached λ0% confluency, medium was changed

to serum-free medium, i.e. complete HSEC medium without serum, with or without

additional treatment conditions and incubated for additional 24 hours with a medium

change after 20 hours with the addition of 10 ng/mL tumor necrosis factor alpha (TNFα,

300-01A, Peprotech) or vehicle control.

The setup for flow-based adhesion assays is shown in figure 2.2 and consisted of

a thermostatically controlled transparent chamber with an inverted microscope, an

electronic solenoid valve, silicone tubing and a syringe driver holding a 50 mL glass

syringe. Prior to the assay, the chamber was pre-heated to 37°C and the tubing

system including the valve was flushed with sterile distilled water making sure no air

bubbles were remaining in the system. A 50 mL glass syringe was then pre-filled

with 10 mL distilled water, connected to 25 cm tubing and inserted into the syringe

driver set to re-fill with a rate of 0.2κmL/min to generate physiological shear-stress of

0.05Pa. Next, 2.5mL and 5mL syringes with the plunger removed were connected to

the inflow valves to flow either cells or wash buffer, respectively. A length (12 cm) of

silicone tubing was connected to the outflow valve to connect to the Ibidi slides.

The silicone tubing of both the outflow and syringe tubing were connected to the ports

of the channel on the Ibidi slide to be analysed making sure no air bubbles were in

the system. The channel was then washed with washing buffer to remove debris while

checking integrity of the monolayer under the microscope. Next, PBMCs were pipetted

into the 2.5 mL syringe and the solenoid valve switched to flowing cells for 5 minutes

before switching back to washing buffer. After washing the channel for 3 minutes with

washing buffer, videos were recorded for ten fields of view for ten seconds each. In
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order to prevent recording cells more than once, the microscope objective was moved

against the direction of flow for all assays [215].

Counting of cells was performed in Fiji ImageJ with the plugin CellCounter (Kurt De

Vos, University of Sheffield, GNU General Public License) after taking snapshots

of the recorded videos. Videos were viewed in parallel to distinguish flowing and

rolling cells from adherent cells. Cells were identified as either rolling or firmly

adherent, with the latter being divided in round adherent, activated shape-changed and

transmigrated cells. Figure 2.2 gives an example of different stages of cell adhesion

and transmigration. Light and dark shape-changed cells were both summarised as

shape-changed cells.

Figure 2.2: Technical set-up for flow-based adhesion assays (courtesy of Joseph
Tickle [216])
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2.7.2 Collagen contraction assays

Later in the process of activation, hepatic stellate cells transdifferentiate into

myofibroblast-like cells, which are characterised by a contractile and extracellular

matrix (ECM)-producing phenotype. Cellular contraction and remodelling of the ECM

can be assessed using collagen contraction assays, by quantifying the size reduction

of a collagen cushion over time [217].

LX-2 cells were detached with TripLE and resuspended in serum-free growth medium

at a concentration of 3x105 cells/mL. Bovine collagen (A1064401, Thermo Fisher) was

diluted to a concentration of 3mg/mL in ice-cold sterile PBS, and 200µL of this solution

were added for every 400µL of cell suspension. Due to its acidity, which is required

to keep collagen in solution, a yellow discolouration of the culture medium could be

observed. To adjust the pH to physiologic levels, 6 µL of 1M NaOH solution were added

immediately and mixed well, being careful to avoid the formation of bubbles. Correct

pH was confirmed using pH indicator paper. Next, 500 µL per well of the resulting cell-

collagen-suspension were added to a 24 well plate and kept in a 37 °C incubator for a

minimum of 20 minutes to allow the collagen to solidify. During incubation, treatment

conditions were prepared in culture medium with increased serum content (e.g. 4%

FCS in DMEM for LX-2), and after the collagen cushions were released with the help of

a 10 µL pipette tip, 500µL of treatment solution were added per well. Finally, the plates

were imaged every 24 hours for up to five days using the ChemiDoc Imaging station

(ChemiDoc MP, BioRad, UK).
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2.7.3 Scratch wound assays

Hepatic stellate cells acquire a migratory phenotype upon activation, which enables

cells to migrate into tissue sites of injury. Scratch wound assays are an easy and often-

used method to assess cell migration in vitro [21κ].

Cells were seeded into wells of a 24-well plate and grown until confluent. To prevent

cell proliferation from influencing the results, assays were performed in reduced serum

conditions (0.5% FCS for LX-2 and 2% FCS for myofibroblasts), unless specified

otherwise. Optionally, cells were pretreated as specified in the results section, before

applying a vertical scratch wound using a 200µm pipette tip. To prevent cells from

re-attaching to the wound area, wells were washed twice in PBS before replacing

media with treatment conditions.

Subsequently, cells were imaged using the CelliQ Live Cell Imager for up to 72 hours

and the width of the scratch wound was quantified using a custom-made ImageJ plugin

modified from Suarez-Arnedo et al [21λ] (for the code see Appendix A.4). In brief,

images were pre-processed by applying a Gaussian blur filter, enhancing contrast and

filtering on the variance of intensity values before binarising the image. Based on the

binarised image, the wound width was measured as the sum of the largest two cell-free

areas, if the second-largest cell-free area was at least 30% the size of the largest one.

Next, a 4-parametric Gompertz curve was fitted to the change in wound width over time

and the first derivative of this function yielded the wound closure rate.
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2.7.4 Lipid uptake assay

Preparation of fatty acid treatment complexes

Treating cells with fatty acids requires the fatty acids to be solubilised in the aqueous

cell culture media. In human blood plasma, free fatty acids are mainly bound

to albumin, facilitating fatty acid transport despite their hydrophobicity. To mimic

physiologic conditions, free fatty acid-BSA complexes were prepared in a 5μ1 molar

ratio. Firstly, 100mM solutions of palmitic acid (PA) and oleic acid (OA) were prepared

by incubating the required amount of fatty acid solid in 1mL of a 0.1M NaOH solution

at 70°C on a heating block until fatty acids were completely dissolved. 0.κλmL of

fatty acid solution was then - while still at 70°C - quickly added to a 14.4% solution of

fatty acid-free BSA (Aκκ06-5G, Sigma) in PBS. To prepare a vehicle control solution

without fatty acids, 0.κλmL of saline were added instead of the fatty acid solution.

Subsequently, the 10mM fatty acid-BSA complex solutions were incubated for 30min

at 37°C with constant agitation. The PA solution partially precipitated, resulting in a

cloudy appearance and thus was additionally sonicated for 15min in a sonicator water

bath, bringing the PA back into solution and binding to BSA. This procedure resulted

in 10mM stock solutions of PA or OA in 13.3% BSA in PBS. Stock solutions were

aliquoted and stored at -20°C.
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Cell culture and siRNA knockdown

HepG2 cells were trypsinised using TrypLE (12605010, Gibco) and reconstituted at

a concentration of 1x105 cells/mL in full culture medium. Meanwhile siRNA mixes

of follistatin-like 3 (FSTL3) siRNA (FlexiTube GeneSolution for FSTL3, SI0301λ247,

Quiagen) or negative control siRNA (1027310, Quiagen) were prepared in serum-free

OptiMEM (31λκ5070, Gibco) and HiPerfect transfection reagent (301705, Quiagen) at

a concentration of 30 nM, vortexed for 10 seconds and incubated for 10 minutes at

room temperature. 20 µL of this mix were pipetted into each well of an imaging λ6-

well microplate, followed by addition of 1x104 cells in 100µL. Plates were then swirled

to evenly mix transfection complexes and cells. After incubation for 24 h at 37°C in

a humidified 5% CO2 atmosphere, cells were treated with 100 ng/mL Activin A (130-

115-013, Miltenyi Biotec) or PBS vehicle control in full culture medium. On the next

day, positive control wells were treated with PAμOA 0.2μ0.4mM solution or BSA vehicle

control in full culture medium and incubated for 24 h to allow lipid accumulation. Next,

Cells were treated with PAμOA 0.2μ0.4mM solution or BSA with 1X LipidTox Deep Red

neutral lipid stain (H34477, Invitrogen) in full culture medium and plates were imaged

on a ZEISS Celldiscoverer 7 automated live cell imager using a 20X objective. Deep

red fluorescence was acquired using an Ex/Em 625nm/660μ760 nm filter set and phase

gradient images were taken for gaussian curvature analysis.
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Quantification of lipid uptake

For quantification of lipid uptake in HepG2 cells, we programmed ImageJ scripts for

measuring fluorescence positive area and lipid area based on Gaussian curvature

analysis. The full scripts can be found in the appendix (Appendix A.5 and A.6).

Figure 2.3 gives an outline of the principal image analysis pipeline for the quantification

of lipid uptake. We used two separate methodsμ firstly, quantification based on the

Gaussian curvature and secondly based on the fluorescent signal from LipidTox

DeepRed stain.

Both methods had in common that the cell area was defined by applying a variance filter

on the phase gradient image (Figure 2.3A and B) followed by thresholding to obtained

a binarised image (Figure 2.3C) which was used as a mask for calculating cell-positive

areas with the fluorescence and Gaussian method. The Gaussian curvature is the

product of the principal curvature, which can be calculated as the eigenvalues of the

Hessian matrix. The Hessian matrix was obtained from the phase gradient images and

multiplying the smallest (Figure 2.3D) and largest (Figure 2.3E) Hessian eigenvalues

(i.e. the principal curvature), resulted in the Gaussian curvature matrix (Figure 2.3F).

By thresholding on this image we defined the Gaussian curvature-positive area. For

quantification of lipid content based on fluorescence (Figure 2.3G) we first removed

the background (Figure 2.3H), before applying a threshold to define the fluorescence-

positive area (Figure 2.3I).
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Figure 2.3: Workflow of lipid uptake quantification. Phase gradient images
(A.) underwent a variance filter (B.) and thresholding based on the variance of
intensity values resulted in a binarised image defining the cell-positive area (C.). For
identification of small ellipsoid structures in the phase gradient image, representing lipid
droplets, we calculated the Hessian eigenvalues from the curvature of intensity values.
By multiplying the smallest (D.) and the largest (E.) eigenvalues for each point, we
obtained a matrix of Gaussian curvature (F.), which here is colour-coded in blue and red.
Highly positive values (red) indicate the presence of ellipsoid structures, while highly
negative values (blue) indicate hyperbolic structures. Gaussian curvature-positive area
was defined by thresholding. For identification of fluorescence-positive area, we used
LipidTox DeepRed (G.), and after background removal (H.) applied a threshold to obtain
the positive area (I.).
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2.8 Generation and characterisation of anti-Gremlin-1 antibodies

All data for characterisation of the anti-Gremlin-1 antibodies and respective protein

biophysics data were derived from Novo Nordisk, including SMAD1 phosphorylation

in LX-2 cells, C2C12/BRE-Luc reporter gene assay, heparin fluorescence polarisation

assay, size-exclusion chromatography and Gremlin-1 cell association assay. All these

methods as well as the methodology for generation of the therapeutic anti-Gremlin-1

antibodies are described in detail in the respective publication [220].

2.9 Protein quantification

2.9.1 Enzyme-linked immunosorbent assays

The Human GREM1 enzyme-linked immunosorbent assay (ELISA) Kit (EKH423κ,

Nordic Biosite), Human Albumin ELISA Kit (Eκκ-12λ, Bethyl Laboratories) and Human

CXCL4/PF4 Quantikine ELISA Kit (DPF40, R&D systems) were used to measure

concentrations of Gremlin-1, albumin or CXCL4 proteins in human biosamples

according to manufacturer’s instructions and all samples were measured in duplicate.

Absorbance readings were acquired at 450 nm and 570nm using a plate reader

(Synergy HT, BioTek). The specific absorbance values at 450 nm were corrected for

optical impurities by subtracting absorbance values at 570 nm. A standard curve was

created by fitting the corrected absorbance values to a four-parametric log-logistic

curve using the R package drc[221] (for an example see fig. 2.4).
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Figure 2.4: Example for an ELISA standard curve. Dots show the raw data points
and the line the fitted four-parameter log-logistic curve. The grey area represents the
λ5% confidence interval.

2.9.2 Luminescent oxygen channelling immunoassay

Luminescent oxygen channeling immunoassay (LOCI) were performed by our

collaboration partner Novo Nordisk and based on anti-gremlin monoclonal antibody

pairs generated at Novo Nordisk A/S, Denmark. Acceptor beads were directly coupled

to antibodies while streptavidin coated donor beads were used in combination with

biotinylated antibodies. Recombinant human gremlin-1 protein, Novo Nordisk A/S,

China, was used as calibrator material and positive control. Briefly, a mixture of the

conjugated acceptor beads and the biotinylated antibodies were produced to a final

concentration of 33.3 µg/mL and 0.75 µg/mL, respectively. In a 3κ4 well assay plate,

15 µL of the mixture were added to 5 µL of plasma sample and incubated for 1 hour at

room temperature (RT) in the dark. Next, 30 µL of donor beads (67 µg/mL) were added

to each sample and the plate was incubated for 30min at RT. Addition of donor beads
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was performed in a green-light room to avoid bleaching. The samples were analysed

on a PerkinElmer Envision instrument. All samples were measured in duplicates.

2.9.3 Cell-based ELISA

Cell-based ELISA provide a means for measuring protein abundance in cultured cells.

The general principle is that cells are cultured in cell culture multiwell plates and after

undergoing different treatment conditions are fixed and stained with antibodies against

proteins of interest. Similar to a standard sandwich ELISA, the primary antibody is

then detected using a secondary horseradish peroxidase (HRP)-conjugated antibody

and subsequent chromogenic detection on a plate reader. The following gives a more

detailed account of the assay performed for this thesisμ

First, λ6-well plates were coated with rat tail collagen, followed by seeding of primary

HSEC at a density of 10,000 cells/well in a volume of 100µL standard HSEC medium

(see Table 2.1) using a multichannel pipette and a sterile reservoir. Cells were

then incubated for 24 hours, when cells reached approximately λ0% confluence.

Subsequently cells were dosed in duplicate with different concentrations of TNFα,

recombinant human Gremlin-1 (not published, Novo Nordisk A/S) or vehicle control in

full HSEC medium and incubated for 24 hours. After treatment, wells were washed

with 100µL/well sterile PBS and subsequently fixed in 100µL/well ice-cold methanol

for 10 minutes, before washing three times again with PBS. Fixed and washed plates

were kept sterile and stored at 4°C until further processing.
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On the day of the analysis, PBS was removed from each well and plates were washed

two times with 50 µL/well of washing buffer (0.1% BSA in PBS). Then, 50 µL/well of

blocking buffer (2% goat serum in PBS) were added and incubated for 45 minutes

at room temperature on a plate shaker at low speed. Plates were washed three

times with 50 µL/well of PBS before adding 50µL/well of primary antibody raised

against intercellular adhesion molecule 1 (ICAM1) (BBA3, R&Dsystems), vascular

cell adhesion molecule 1 (VCAM1) (BBA5, R&Dsystems), CD31 (JC70A, Dako) or

mouse IgG1 isotype control (MAB002, R&Dsystems) antibody at a final concentration

of 2 µg/mL in PBS. After incubation at room temperature for 45 minutes on a plate

shaker at low speed, the plate was washed with PBS and 50µL/well of goat anti-mouse

IgG-HRP (P0447, Dako) secondary antibody solution at a concentration of 0.κ µg/mL

in PBS were added and the plate incubated for 45 minutes at room temperature on

a plate shaker at low speed. During incubation, substrate buffer was prepared by

adding 2 OPD tablets (Dako) to 6mL sterile distilled water using a plastic forceps and

vortexing to allow tablets to completely dissolve. Next, the plate was washed again

three times with PBS and 2.5 µL of 30% H2O2 were added to the substrate buffer.

The substrate buffer was added to each well at 50 µL/well and incubated at room

temperature for up to 10 minutes protected from light. Here, the development of yellow

colour denoted a positive result. Finally, the reaction was stopped by adding 50µL/well

of 0.5M H2SO4, resulting in a colour change, and the results read on a multiwell plate

reader at a wavelength of 4λ0 nm.
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2.9.4 AST activity assay

Aspartate aminotransferase (AST) activity was measured in supernatants from

human PCLS by colorimetric activity assay (701640, Cayman Chemical) according

to manufacturer’s instructions on a absorbance micro-well plate reader (Synergy HT,

BioTek).

2.10 Gene expression analysis

2.10.1 RNA isolation and Reverse Transcription

For isolation of RNA from cells, cells were washed twice with ice-cold PBS before

being lysed in 350-700µL Buffer RLT (7λ216, QIAgen, Germany) containing 1%

β-mercaptoethanol. Subsequently, RNA was extracted with the RNeasy Mini Kit

or RNeasy Micro Kit (74104 and 74004, respectively, QIAgen, Germany), following

manufacturer’s instructions, including on-column DNA digestion (RNase-Free

DNase Set, 7λ254, QIAGEN). RNA concentrations were then determined on a

spectrophotometer (NanoPhotometer Classic, Implen) and the RNA transcribed to

complementary deoxyribonucleic acid (cDNA) with the High-capacity cDNA Reverse

Transcription Kit (436κκ13, Applied Biosystems TM) according to manufacturer’s

instructions and finally, the cDNA concentration was adjusted to 10 ng/mL by diluting

with nuclease-free water for downstream quantitative Real-Time PCR.
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2.10.2 Quantitative real-time PCR

Gene expression was quantified with either TaqMan TM assays or - for quantification of

lentivirally transduced inserts - custom-made primers using the SYBR TM Green method.

TaqMan TM assay IDs and custom-made primer sequences are given in tables A.1 and

A.2 of the appendix, respectively.

Reaction mixes were prepared in white λ6- or 3κ4 LightCycler TM 4κ0 Multiwell PCR

plates (Roche Diagnostics) as specified in table 2.4 and PCR reactions were run on the

LightCycler® 4κ0 II (Roche Diagnostics) with cycling conditions as given in table 2.5.

Table 2.4: Composition of reaction mixes for TaqMan ® and SYBR ® Green qRT-PCR

Reagent Volume (µL) Source

TaqMan ®

PerfeCTa FastMix II (2x) 5 Quantabio
TaqMan ® assay (20x) 0.5 ThermoFisher Scientific
Nuclease-free water 2 QIAGEN
cDNA (10 ng/µL) 2.5 -

SYBR ® Green
PowerUp TM SYBR ®

Green Master Mix
10 Applied Biosystems TM

Primer Mix 2µM 5 Sigma
cDNA (10 ng/µL) 5 -

Cycle threshold (Ct) values were obtained using the second derivative method in the

LightCycler 4κ0 software (version 1.5.1.62) and gene expression was quantified using

a modification of the ∆∆Ct method [222] as followsμ

−∆∆Ct = ∆Ct (sample)−mean(∆Ct )(control group)
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Table 2.5: Cycling conditions for TaqMan ® and SYBR ® Green qRT-PCR

Type Step Temperature Time Cycles

TaqMan ®

Initial Denaturation λ5 °C 3min

Denaturation λ5 °C 15 s
40xAnnealing/Extension/

Acquisition
60 °C 1min

SYBR ® Green

Activation 50 °C 2min
Initial Denaturation λ5 °C 2min

Denaturation λ5 °C 15 s
40xAnnealing 60 °C 15 s

Extension/Acquisition 72 °C 1min

Melting Curve 72 °C - λ5 °C -

where ∆Ct is the difference between the Ct values of the gene of interest and the

reference gene. For human liver samples, reference genes were selected based

on reference gene analysis using the Normfinder function [223] in the R package

generefer and the mean of Ct values for all chosen reference genes, corresponding

to the geometric mean of gene expression, was taken as the reference Ct value for

calculating the ∆Ct, as described in the literature [224]. Calculating the -∆∆Ct relative

to the mean ∆Ct of all controls served to preserve the variance in the control group.

2.10.3 Lexogen QuantSeq 3’ mRNA sequencing

RNA was isolated as described above (Section 2.10.1) and quality checked on

a spectrophotometer. RNA was then submitted to Genomics Birmingham at the

University of Birmingham for quality control, library preparation and sequencing.

Quality control was performed using Qubit High Sensitivity RNA assay (Q32κ52,

InvitrogenTM) on a Qubit 2.0 fluorometer (Invitrogen) and RNA ScreenTape (5067-
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5576, Agilent) on the Agilent TapeStation 4200. Single-end 75 base-pair libraries

were generated using the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina

(015.λ6, Lexogen) with an RNA input of 100 ng. Quality of libraries was then checked

using the Agilent TapeStation D1000 ScreenTape (5067-55κ2, Agilent) and Qubit

dsDNA High Sensitivity kit (Q32κ51, Invitrogen). Finally, pooled libraries at 1.6 pM

were sequenced on the NextSeq 500 sequencing platform (Illumina) on a NextSeq Mid

150 flowcell.

2.11 Histological methods

All the histological staining methods outlined below were performed by our collaboration

partner Novo Nordisk, Maalov, Denmark.

2.11.1 Immunohistochemistry

Rat liver samples (full-thickness slabs of right medial and left lateral lobes) were fixed

for three to five days in neutral-buffered formalin (NBF), then paraffin-embedded and

sectioned (4 µm nominal thickness). Sections were stained manually with Picrosirius

Red (PSR), and in the Ventana Autostainer with anti-CD45 at 2 µg/mL (Abcam

ab1055κ, Cambridge, UK), anti-alpha-smooth muscle actin (α-SMA) at 0.04 µg/mL

(clone EPR536κ, Abcam ab124λ64), anti-CD6κ at 1.5 µg/mL (clone E3O7V, Cell

Signaling λ777κ, Danvers, MA), anti-CD11b at 0.5 µg/mL (clone EPR1344, Abcam

ab133357), or anti-type I collagen at 4 µg/mL (Southern Biotech 1310-01, Birmingham,

AL) using heat-induced epitope retrieval at basic pH, HRP-coupled detection polymers,

and the Purple chromogen. All primary antibodies were of rabbit or goat origin to avoid
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background from the mouse anti-gremlin therapeutic antibody. Stained liver sections

were scanned as κ-bit RGB colour images (pixel sizeμ 442 nm) using a NanoZoomer

S60 digital slide scanner (Hamamatsu Photonics K.K., Hamamatsu City, Japan).

Quantitative image analysis was applied to the entire liver sections using Visiopharm

Integrator System software (VIS ver. κ.4; Visiopharm, Hørsholm, Denmark). The

fractional area (%) of PSR, CD45, α-SMA, CD6κ, CD11b, and Col1a1 stains was

expressed relative to total sectional area. The lipid area fraction was determined

based on PSR-stained sections.

2.11.2 In situ hybridisation

Twenty-five human diagnostic, formalin-fixed, paraffin-embedded (FFPE) histological

liver needle biopsies were retrieved from the archives at Department of Pathology at

Aalborg University Hospital, Denmark. The biopsies were diagnosed as normal, n=5,

MASH with mild fibrosis, n=7, MASH with moderate/severe fibrosis, n=6, and MASH

with cirrhosis, n=7. RNAscope duplex in situ hybridization (ISH) was performed on the

Leica Biosystems BOND RX platform. RNAscope probes (Advanced Cell Diagnostics

(ACD) Newark, California) directed against rat or human GREM1 and human THY1 or

COL3A1 were hybridized for 2 h at 42°C using RNAscope 2.5 LS Duplex Reagent Kit

(ACD) followed by RNAscope amplification. Fast red chromogenic detection of GREM1

was followed by green chromogenic detection (ACD) of THY1 or COL3A1. Sections

were counterstained with haematoxylin.
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2.12 Computational biology

2.12.1 Analysis of publicly available bulk RNAseq experiments

Publicly available datasets from liver tissue transcriptome experiments were retrieved

from the Gene Expression Omnibus (GEO), the European Nucleotide Archive and

ArrayExpress [225–227].

Raw sequencing data were transferred to the public Galaxy server usegalaxy.org

to pre-process the data [22κ]. Data were transformed to standard FASTQ format

using the fasterq-dump function. Quality control, quality and adapter trimming were

performed with fastp and default settings [22λ]. The trimmed sequencing files were

then aligned to the humanGencode reference transcriptome (version 36, available from

httpsμ//www.gencodegenes.org/human) using salmon quant from the pseudoalignment

tool salmon with --validate Mappings, --seqBias and --gcBias turned on with default

settings [230]. For downstream analyses, gene or transcript counts were imported into

R using the tximport pipeline for salmon output [231]. Differential gene expression

was performed with the DESEq2 package using the likelihood ratio test or the Wald test

as appropriate [232]. Variance stabilised expression values, obtained using the vst

function in DESeq2, were used for visualisation of gene expression and for correlation

and regression analyses. For public microarray datasets we used the deposited

normalised expression values for downstream statistical analyses.
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2.12.2 Lexogen QuantSeq 3’ mRNA sequencing

Raw sequencing files were obtained from Genomics Birmingham at the University

of Birmingham. Adapter and quality trimming were performed using fastp using the

adapter sequence GATCGGAAGAGCACACGTCTGAACTCCAGTCAC and settings

--trim_poly_g --trim_poly_x

--cut_tail --cut_window_size=4 --cut_mean_quality=20

--disable_quality_filtering

--low_complexity_filter --complexity_threshold=30

--length_required 36.

After quality control with fastqc, gene abundance was quantified using a decoy-aware

transcriptome index (transcriptome gencode version 2λ, genome GRCh3κ) and

salmon 1.5.9 with default settings. Downstream data import into R and differential

gene expression analysis were performed as described for publicly available RNAseq

data using the tximport and DESeq2 packages.

2.12.3 Analysis of single-cell RNAseq data

Raw count matrices for liver single-cell RNA sequencing datasets were obtained from

the GEO server (GSE136103) and the Liver Cell Atlas website ([233], GSE1λ2742).

Low quality cells were removed if the number of detected features was below 300 or

the percentage of mitochondrial genes per cell was higher than 30 percent. Following

quality filtering, gene expression was normalised by cluster-based log-normalisation

using the igraph method in the quickCluster function from the scran package [234].

73



Chapter 2 Statistical analyses

Variable features were identified using the fitted mean-variance calculated with the

modelGeneVar function with default settings. Doublet contamination was removed using

the default method of the doubletFinder v3 package [235].

Following quality control and cleaning of both datasets separately, both datasets were

integrated based on their common genes and using the reciprocal principal component

analysis (RPCA) method implemented in the Seurat v4 package [236]. Based on

the integrated gene expression matrix, data scaling, principal component analysis and

nearest neighbour graph-based clustering were performed using the standard Seurat

workflow. Cell types were manually annotated by marker gene expression obtained

from the FindConservedMarkers function in Seurat v4 and based on the annotation

provided by the Guilliams lab [135].

2.13 Statistical analyses

All statistical analyses were performed R version 4.2 and using the rstatix and

PMCMRplus package. Graphs were drawn using ggplot2, ggubr and ggprism

packages.

Data are shown as means ± SD, if not stated otherwise. Normal distribution was tested

by inspecting QQ plots and by Shapiro-Wilks test. To test for homogeneity of variance

we used Levene procedure. Depending on data distribution, we used the following

statistical proceduresμ One-way analysis of variance (ANOVA), Two-way ANOVA,

Welch’s test or Kruskall-Wallis test with post-hoc Bonferroni-Holm, Dunnett or Dunn-

Holm correction and for testing of ordinal or nominal data the χ2-test. Four parameter
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log-logistic regression analysis for dose-response experiments was performed using

the drc package and LL.4 starter function in R. An alternative hypothesis was accepted

if two-sided p<0.05.
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GREMLIN-1 EXPRESSION IN HUMAN AND RODENT

LIVER FIBROSIS

3.1 Introduction

Under healthy conditions, Gremlin-1 is expressed in a range of organs and has

important roles in organ development, bone formation and regeneration of bone

marrow and intestinal epithelial cells [173, 174]. It is also thought to play a role in

a range of diseases, including atherosclerosis, cancer development and obesity-

induced adipose tissue dysfunction [1κ1, 237, 23κ]. Gremlin-1 is expressed mainly

in fibroblasts and stem cells and plays a role in organ fibrosis in a range of different

organs, including the kidney, lung, pancreas, skin and the intestine [173, 1κ4–1κ6,

23λ].

Data on hepatic fibrosis are less clear, however. Overall, hepatic expression of

Gremlin-1 is considered to be low [172] and - similar to expression in fibroblasts in

other organs - mainly restricted to activated hepatic stellate cell (HSC) and hepatic

myofibroblast (MF) [κλ, 1κλ]. Consistent with these findings, Gremlin-1 is increased

in rodent models of liver fibrosis [κλ, 1κ7, 1κκ] and in human metabolic dysfunction-
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associated steatohepatitis (MASH) and MASH fibrosis [1κ0]. Evidence on the cellular

localisation of Gremlin-1, however, is mostly based on gene expression from isolated

cells focusing on fibrogenic cell populations and from in vitro cell culture data. No

spatial expression data are currently available and systematic exploration of expression

changes or cellular localisation of Gremlin-1 in healthy and fibrotic human and rodent

livers have not been described.

Therefore, in this chapter we aimed to characterize the expression of Gremlin-1 in

healthy and fibrotic human and rodent liver, and to identify the specific cell types

responsible for Gremlin-1 expression. Furthermore, we wanted to select animal

models that show adequate liver injury and upregulation of Gremlin-1, suitable for

testing of potential therapeutic compounds, and confirm that we could recapitulate

human disease in an animal model. For this purpose, we applied RNAscope in situ

hybridisation (ISH) and quantitative PCR to human and rodent biosamples, analysed

publicly available bulk and single-cell transcriptome data sets of human liver or primary

human hepatic cells, and measured circulating Gremlin-1 and its heparin-binding

properties by luminescent oxygen channeling immunoassay (LOCI) and size-exclusion

chromatography, respectively.

3.2 Results

3.2.1 Upregulated hepatic GREM1 in human and rat MASH

We first wanted to establish how Gremlin-1 expression changes in MASH and the

identity of the main cell types expressing Gremlin-1. Our collaboration partners at Novo
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Nordisk performed RNAscope in situ hybridisation on human liver and were unable

to detect GREM1 in the pathologically normal state. However, staining significantly

increased with MASH fibrosis and localized to the fibrotic septa in the periportal region

(Figure 3.1A). GREM1 expression co-localized with THY1 and COL3A1 positive

cells (Figure 3.1B), indicating myofibroblasts in the portal fibrotic area as the major

Gremlin-1-expressing cell type in human MASH. However, only a small proportion

of THY1/COL3A1+ cells expressed GREM1, and the expression was highly variable

between and within each specimen (Figure 3.1A and B).

Next, we wanted to establish whether rodent MASH models adequately reflect the

changes in hepatic GREM1 expression we observed in human MASH, helping to

decide on a suitable model for in vivo studies. We found no evidence of consistent

Grem1 expression in healthy and fibrotic mouse liver tissues (including CCl4, Mdr2

knockout, Western Diet, images not shown). Conversely, Grem1 ISH staining was

consistently increased in livers of rats fed a choline-deficient, L-amino acid-defined

high-fat diet (CDAA-HFD) for twelve weeks. Similar to our observations in human

MASH liver tissue, Grem1 expression in rat livers mainly localised to periportal and

fibrotic areas (Figure 3.1C).

3.2.2 Pinning down the cellular localisation of GREM1 expression

To confirm the identity of cell types expressing Gremlin-1 in human liver, we

integrated two large publicly available human single-cell RNA sequencing data sets

(GSE136103[70] and GSE1λ2742[135]). The resulting integrated data set comprised

all major parenchymal and non-parenchymal cell populations and showed no major
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Figure 3.1: Validation ofGREM1 expression in human and rat MASH liver fibrosis.
A. Left panel shows representative RNAscope in situ hybridisation (ISH) images for
co-staining of GREM1 (red) and CD45 (green) in normal human liver and MASH
fibrosis. The right panel shows scoring of ISH staining intensity across different
stages of liver fibrosis. Significance was assessed by two-sided Jonckheere-Terpstra
test (***p=1.3x10-0λ). Scale bar = 200µM. B. Representative histological images of
RNAscope in situ hybridisation (ISH) for co-staining of GREM1 (red) and THY1 or
COL3A1 (green). Representative double positive cells are indicated by arrows. Scale
bar = 50µM.C.Representative RNAscope in situ hybridisation (ISH) images for GREM1
(red) in rats fed a standard chow or CDAA-HFD for 12 weeks. Scale bar = 50µM.
Abbreviationsμ CDA-HFD - choline-deficient, L-amino acid defined, 1% cholesterol,
high-fat diet, COL3A1 - Collagen Type III Alpha 1 Chain, GREM1 - Gremlin-1, THY1 -
Thy-1 antigen Images and data produced by Novo Nordisk
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batch effects across data sets (Figure 3.2A and B, respectively). However, GREM1

expression was very low and - on the global scale - could not easily be assigned to a

specific cell population (Figure 3.2C). As the literature and our ISH results suggested

that GREM1 expression was mainly restricted to the stromal niche, we focused on

the mesenchymal compartment of the integrated scRNA-seq data set and identified

four distinct clusters, based on marker gene expression (Table 3.1) corresponding

to vascular smooth-muscle cells (VSMC), quiescent HSC (qHSC), activated HSC

and MF and portal fibroblasts (PF) (Figure 3.2D-F). Again, GREM1 expression was

low and found mainly on smooth muscle cells and portal fibroblast populations, the

latter coexpressing THY1 and COL3A1 (Figure 3.2F). Concordantly, when performing

quantitative PCR on cultured human cell lines and primary hepatic cells, GREM1

mRNA expression was highest in LX-2 cells, primary human HSC HHSC and MF when

compared to biliary epithelial cell (BEC) and hepatic sinusoidal endothelial cell (HSEC)

(Figure 3.3).

Therefore, we hypothesised that Gremlin-1 is involved in hepatic fibrogenesis and that

its expression should correlate with the stage of fibrosis in MASH, in concordance with

our RNAscope ISH results (see above). As the performance of RTqPCR is dependent

on the adequate choice of reference genes, we first performed reference gene analysis

on a first subset of livers using the Normfinder algorithm [223]. Figure 3.4 shows the

stability values for a range of reference genes and combinations thereof, based on

which we have chosen the combination of ERCC3, SRSF4 and HPRT1 as reference

genes for all subsequent experiments on human liver tissue. Indeed, RTqPCR on

human explant livers of different aetiologies (all fibrosis stage F4) showed 4.κ to
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Figure 3.2: GREM1 expression in publicly available human scRNA-seq data. A.
UMAP representation of all cells in GSE136103 and GSE1λ2742 scRNA-sequencing
data sets. Cells are coloured by cell type identity. B. UMAP representation of
all cells in GSE136103 and GSE1λ2742 scRNA-sequencing data sets. Cells are
coloured by experiment. C. Log2-normalised GREM1 gene expression in all cells.
D. UMAP representation of mesenchymal cells in GSE136103 and GSE1λ2742
scRNA-sequencing data sets. Cells are coloured by cell cluster identity. E.
UMAP representation of mesenchymal cells in GSE136103 and GSE1λ2742 scRNA-
sequencing data sets. Cells are coloured by experiment. F. Log2-normalised gene
expression of GREM1, THY1, COL3A1 and RGS5 in mesenchymal cells.
Abbreviationsμ a/qHSC - activated/quiescent hepatic stellate cell, Baso - basophil
granulocyte, Chol - cholangiocyte, Circ NK/NKT - circulating natural killer/natural killer
T cells, COL3A1 - Collagen Type III Alpha 1 Chain, EndC - endothelial cell, GREM1
- Gremlin-1, Hep - hepatocytes, Mes - mesenchymal cells, MF - myofibroblast, MP
- mononuclear phagoytes, Res NK - resident natural killer cell, pDC - plasmocytoid
dendritic cell, PF - portal fibroblast, RGS5 - Regulator Of G Protein Signalling 5, THY1
- Thy-1 antigen, VSMC - vascular smooth muscle cells.
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Table 3.1: Top 5% marker genes for mesenchymal scRNA-seq clusters

VSMC qHSC aHSC/MF PF

MYH11 RGS5 GGT5 SFRP2
DSTN HIGD1B CFH STEAP1
MYL9 COLEC11 IGFBP3 WT1
TPM2 FABP5 ADAMTSL2 RARRES1
TAGLN FABP4 ITGBL1 FBLN1
ADIRF FBLN5 C3
RERGL C7 VCAN
MYL6 CXCL12 MMP2
ACTA2 MEG3 LOX
PHLDA2 LXN
PLN CPXM1
BCAM GPRC5A
TPM1 FBLN2
CRIP1 DPT

PTGFRN
COL8A1
MEDAG
PDPN
MFAP2
EFEMP1
PRRX1
CTHRC1
SPOCK1
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Figure 3.3: RTqPCR results for GREM1 on primary hepatic cells and selected
cell lines. Data are given as individual data points (each representing a different
sample measured in duplicate) and mean±SD for expression values relative to the
mean of HepG2 cells and normalised to to expression of SRSF4. *p<0.05, **p<0.01,
***p<0.001 compared to HepG2, #p<0.05, ##p<0.01 in indicated comparisons.
Statistical group comparisons were performed using One-way ANOVA and post-hoc
Tukey-HSD test.
Abbreviationsμ BEC - biliary epithelial cell, HepG2 - hepatoma cell line HepG2, HHSC
- human hepatic stellate cell, HSEC - hepatic sinusoidal endothelial cell, LX-2 - hepatic
stellate cell line LX-2, MF - myofibroblast.

λ.κ-fold increased GREM1 mRNA expression in MASH, alcohol-related liver disease

(ArLD), primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC)

liver tissues when compared to donor livers without fibrosis (all p<0.05, Figure 3.5).

However, when analysing publicly available bulk RNA sequencing from a total of

352 patients with metabolic dysfunction-associated steatotic liver disease (MASLD)

(n = 5κ E-MTAB-λκ15, n = 7κ GSE130λ70, n = 216 GSE135251), capturing the whole

spectrum of MASLD and MASH, we found no correlation of GREM1 expression with

the histological stage of fibrosis (Figure 3.6).
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Figure 3.4: Reference gene analysis for human liver RTqPCR. RTqPCR was
performed on the first subset of n = 5 livers per disease (donor, ArLD, MASH, PSC and
PBC) in order to identify suitable reference genes for subsequent RTqPCR experiments.
The bar diagram shows the stability values obtained through Normfinder for a set of
potential reference genes and combinations thereof. Lower stability values indicate
more stable expression with lower inter-group and intra-group variability. Bars are
coloured by stability value for emphasis. The combination of ERCC3, SRSF4 and
HPRT1 was chosen for all subsequent RTqPCR experiments on human liver tissue.
Abbreviationsμ AFTPH - Aftiphilin, ArLD - alcohol-related liver disease, CTCF - CCCTC-
Binding Factor, EIF2B4 - Eukaryotic Translation Initiation Factor 2B Subunit Delta,
ERCC3 - Excision Repair Cross-Complementing Rodent Repair Deficiency Gene,
GAPDH - Glyceraldehyde-3-Phosphate Dehydrogenase, GUSB - Glucuronidase Beta,
HPRT1 - Hypoxanthine Phosphoribosyltransferase 1, MASH - metabolic dysfunction-
associated steatohepatitis, PBC - primary biliary cholangitis, PSC - primary sclerosing
cholangitis, SRSF4 - Serine And Arginine Rich Splicing Factor 4.
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Figure 3.5: Quantification of human GREM1 qPCR across chronic liver diseases
of different aetiology. Data are given as individual data points (each representing
a different patient sample measured in duplicate) and mean -ΔΔCt ± SD, relative to
donor liver and normalised to the expression of SRSF4, HPRT1, and ERCC3. ArLD
(p=0.014), MASH (p=0.012), PBC (p=0.014) and PSC (p=0.004).
n = 13 - 15 per group. *p<0.05, **p<0.01 compared to donor using Welch One-Way
ANOVA with post-hoc multiple Welch t-tests compared to donor as reference group
and Bonferroni-Holm correction.
Abbreviationsμ ArLD - alcohol-related liver disease, MASH - metabolic dysfunction-
associated steatohepatitis, PBC - primary biliary cholangitis, PSC - primary sclerosing
cholangitis.

Figure 3.6: GREM1 gene expression in publicly available bulk RNAseq from
MASLD liver. A. E-MTAB-λκ15 (n = 5κ), B. GSE130λ70 (n = 7κ), C. GSE135251
(n = 216). All data are given as individual data points (each representing a different
patient sample) and mean±SD of variance stabilised expression as obtained from the
vst function in DESeq2.
n.s. - not significant, statistical significance was tested using likelihood ratio test and
Benjamini Hochberg correction in DESeq2.
Abbreviationsμ GREM1 - Gremlin-1, MASH - metabolic dysfunction-associated
steatohepatitis, MASL - metabolic dysfunction-associated liver steatosis.
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3.2.3 GREM1 expression upon hepatic fibrogenic cell activation

Bulk RNA sequencing, however, might mask the responses of a small number

of fibroblasts and Gremlin-1 is known to be upregulated in HSC in response to

transforming growth factor beta (TGFβ)1. Therefore, we analysed publicly available

RNA sequencing data sets derived from primary HSC treated with TGFβ1 for 24, 4κ or

72 hours. As can be seen in Figure 3.7, GREM1 was consistently upregulated upon

TGFβ1 treatment at all time points with highest log2-fold changes at 24 hours after

treatment.

Figure 3.7: GREM1 expression changes in primary HSC upon TGFβ treatment.
The graph shows mean±SD log2-fold change gene expression changes from publicly
available bulk RNA sequencing data sets, calculated with the DESeq2 pipeline. The
GEO accession numbers and length of TGFβ-treatment are given on the left hand side.
Abbreviationsμ GREM1 - Gremlin-1, HSC - hepatic stellate cell, TGF - transforming
growth factor.

To verify expression changes of GREM1 mRNA in fibrogenic cells in vitro, we treated

LX-2 cells, primary MF and HHSC with 50U/mL TGFβ1 for 24 hours and performed

RTqPCR. TGFβ1 treatment led to a significant upregulation ofGREM1 expression in LX-

2 and MF (p=0.016 and p=0.036, respectively, Figure 3.κ). In primary HHSC however,
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although TGFβ1 treatment upregulated GREM1 expression this change did not reach

statistical significance (p=0.12λ, Figure 3.κ)

Figure 3.8: RTqPCR results of GREM1 expression in fibrogenic cells in response
to TGFβ1. LX-2 cells, MF and HHSC were treated with TGFβ1 or phosphate-buffered
saline (PBS) for 24 h. Data are given as single data points (each representing an
independent experiment measured in duplicate) of -ΔΔCt, relative to PBS control and
normalised to the expression of SRSF4. Connecting lines indicate differences between
paired samples.
*p<0.05 using two-sided paired t-test.
Abbreviationsμ GREM1 -Gremlin-1, HHSC - human hepatic stellate cell, LX-2 - HSC cell
line LX-2, MF - myofibroblast, PBS - phosphate-buffered saline, TGFβ - transforming
growth factor beta, SRSF4 - Serine And Arginine Rich Splicing Factor 4.

3.2.4 Circulating Gremlin-1 and heparin-binding properties

Increased circulating Gremlin-1 protein has been described in patients with type

2 diabetes and in MASH and has been linked to higher MASH disease severity

[1κ0]. Therefore, we wanted to verify these findings and investigate whether circulating

Gremlin-1 protein also correlates with the stage of fibrosis. Measurements of circulating

Gremlin-1 protein were performed by our collaboration partner Novo Nordisk using an

in-house developed luminescent oxygen channelling immunoassay (LOCI, alphaLISA)

using different combinations of yet unpublished human recombinant anti-Gremlin-1
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antibodies. However, despite high sensitivity, Gremlin-1 protein was undetectable in

plasma or serum in two independent patient cohorts (Figure 3.λA and B). Using size

exclusion chromatography, also performed by Novo Nordisk, we observed that dimeric

Gremlin-1 forms dimers and trimers in complex with heparin (Figure 3.λC), suggesting

that Gremlin-1 might be retained on cell surfaces and extracellular matrix and thus not

enter systemic circulation.
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Figure 3.9: Circulating Gremlin-1 protein and evidence for heparin-binding
properties. A. Signal for Gremlin-1 protein in the LOCI assay in serum or plasma
of MASH patients at different stages of fibrosis. B. Signal for Gremlin-1 protein in the
LOCI assay in serum or plasma of healthy controls and MASLD/MASH. Data in A and
B are given as single data points and median of luminescence signal. Dotted horizontal
lines correspond to signal measured in control matrices, as given in text annotations.
C. Size exclusion chromatography for Gremlin-1 and heparin. Either Gremlin-1 or
Gremlin-1 + heparan sulfate were run on a size exclusion chromatography column.
The graph shows UV signal (continuous line) and estimated molar mass (points) on
the y-axis depending on the eluting volume on the x-axis. Text annotations give the
estimated molar mass corresponding to each peak. char serum/plasmaμ charcoal-
treated serum/plasma.
Abbreviationsμ MASLD - metabolic dysfunction-associated steatotic liver disease,
MASH - metabolic dysfunction-associated steatohepatitis.
Data generated by Novo Nordisk.
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3.3 Discussion

Gremlin-1 has been identified as a potential driver of tissue fibrosis across different

organs including the liver [240]. Expression in other organs is mainly limited to

fibroblasts and other fibrogenic cells such as pancreatic stellate cells [1κ5, 240], but

has also been described for preadipocytes [172]. However, data on the regulation of

Gremlin-1 in liver fibrosis and its exact cellular localisation are scarce. Therefore, we

aimed to characterise the expression pattern of Gremlin-1 in human and rodent liver

fibrosis and sought to assess changes in circulating Gremlin-1 and its correlation with

disease phenotype.

Gremlin-1 is mainly expressed in adipose tissue, the intestine and the kidneys, while

hepatic expression is considered low in healthy human [172] and rodent tissue [1κ7].

In healthy mouse liver, Gremlin-1 expression was undetectable (data not shown),

but others have previously found increased mRNA expression in murine fibrotic

liver in Mdr2-/- mice fed a cholate-containing diet [1κ7] and porcine serum-induced

murine liver fibrosis [1κκ]. Similarly, in patients with type 2 diabetes and MASH,

Hedjazifar et al have found increased Gremlin-1 expression and a positive correlation

with liver steatosis, inflammation, ballooning and the stage of fibrosis [1κ0]. Our

findings of increased RNAscope ISH signal in human and rat MASH fibrosis largely

corroborate existing evidence, although our secondary analyses from existing bulk

RNA-sequencing data sets were conflicting. Furthermore, our RNAscope studies

on human livers highlight the heterogeneity of Gremlin-1 expression between and

within individual livers, resulting in a high risk of sampling bias. Not least, by RTqPCR
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we showed increased hepatic Gremlin-1 expression across different aetiologies of

end-stage chronic liver disease, pointing towards a role that is not limited to metabolic

liver disease.

The exact cellular localisation of hepatic Gremlin-1 is under continuous investigation.

Using RNAscope ISH, we found that Gremlin-1 mRNA expression localised to

COL3A1 and THY1 positive cells in the periportal and fibrotic area. In the liver, THY1

is expressed on periportal cells, mainly including the mesenchymal stem cell niche

[241, 242] and portal fibroblasts [243, 244]. THY1+ cells are abundant in fetal liver

[245] but rare in healthy adult liver [241]. Still, a recent report highlighted that a

population of THY1+ portal fibroblasts with mesenchymal stem cell features and high

proliferative capacity contributes to the formation of fibrotic septa in liver fibrosis of

different aetiologies [λ0]. While CD45+ THY1+ lymphocyte populations have also been

described [243], their role in liver biology is unclear and screening publicly available

single-cell RNA sequencing cell atlases [70, 135, 233] suggests that their numbers are

low. The gene COL3A1 codes for the fibrillar type III collagen pro-alpha1 chain, which

is associated with type I collagen in the hepatic extracellular matrix [55]. COL3A1

expression is mostly restricted to fibrogenic cells but can be found at lower levels in

cholangiocytes and hepatic endothelial cells [246], and therefore we are confident that

GREM1+ THY1+ COL3A1+ cells indeed represent a subset of portal fibroblasts.

Some authors previously found increased Gremlin-1 expression in human HSC-

derived myofibroblasts when compared to quiescent and early activated HSC [1κ7,

1κλ]. However, later studies found evidence that Gremlin-1 expression is most

abundant in portal fibroblasts when compared to HSC in murine bile duct ligation and
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CCl4 models of fibrosis [κλ], suggesting that portal fibroblast-derived myofibroblasts,

rather than HSC-derived myofibroblasts, are the predominant Gremlin-1 expressing

cells of the liver. Still, as mentioned above, hepatic Gremlin-1 expression seems to

be very low, evidenced by available liver scRNA-seq data [70, 135]. In our integrated

analysis of both data sets, GREM1 was barely detectable but showed considerable

expression in smooth muscle cell subsets and a subset of cells also expressing

COL3A1 and THY1, the latter corresponding to the scar-associated mesenchymal

cell population 3B identified by Ramachandran et al, which is characterised by the

expression of portal fibroblast markers [70]. In line with an expression of Gremlin-1

in fibrogenic cell populations, we found highest expression by RTqPCR in primary

myofibroblasts and activated HSC, followed by LX-2 cells with considerably lower

expression in BEC, HSEC and the hepatocyte cell line HepG2. Taken together, our

data confirm periportal myofibroblasts as the predominant hepatic cell population

expressing Gremlin-1.

The discrepancy between results obtained through ISH and RTqPCR on the one hand

and RNA sequencing results on the other hand warrants further discussion. The most

likely reason for this difference is that liver explants from patients with end-stage liver

disease represent a very distinct clinical entity, quite different from the presented

MASH samples analysed using ISH and RNA sequencing approaches, that may

present with excessive organ fibrosis, a sustained inflammatory state and ductular

reaction [247–24λ]. Additional investigations into end stage liver disease tissue and

material from biliary fibrosis, e.g. using in situ hybridization for GREM1, may have

helped to confirm this association. Nevertheless, technical problems with transcript
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quantification may have contributed to our observationsμ While both RTqPCR and

RNA scope detect transcripts by using specific oligonucleotide probes and primers

that generate a signal upon binding to their target sequence and therefore only cover

a small part of the transcript [250, 251], RNA sequencing, at least using standard

protocols and chemistry used in the presented data sets, covers the whole transcript

sequence [252]. However, sensitivity of RNA sequencing highly depends on the read

depth of the protocol used [253] and therefore the RNA data sets analysed here, with

a read depth of only a couple of million reads per sample, lack sensitivity for detecting

lowly abundant transcripts. This problem is accentuated in single-cell sequencing,

where transcriptome libraries are generated from single cells, and naturally the number

of detected transcripts per cell is currently about a magnitude lower than in bulk

RNA sequencing experiments [254]. Furthermore, data normalisation poses a risk

of quantification bias, too. In RTqPCR, normalisation is usually based on the use of

reference transcripts and relative changes in target gene abundance are calculated

relative to the expression of reference transcripts [250]. Consequently, the quality

of data normalisation in RTqPCR is highly dependent on the choice of reference

genes and therefore others have suggested to combine reference genes, especially

for complex experimental scenarios with expected heterogeneity across samples

[224]. Therefore, we performed a comprehensive reference gene analysis using the

Normfinder algorithm [223] and identified the combination of ERCC3, SRFS4 and

HPRT1 as highly stably expressed between and within different conditions, which

allowed confident relative comparisons between aetiologies of chronic liver disease.

By contrast, normalisation of RNA sequencing data is based on overall data distribution
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and is not dependent on the use of reference genes for quantification, but results will

differ based on the strategy of read alignment, transcript quantification, normalisation

and differential gene expression analysis [255]. Finally, the number of healthy control

subjects in the largest RNA sequencing data set GSE135251 was quite low, which

might have masked potential differences in expression. Overall, data distribution

seems to align between ISH and RNA sequencing cohorts, although this was not

statistically significant in the latter. Therefore, differences in the biology between F4

fibrosis and end-stage liver disease - and not technical reasons - are the most likely

reason why RTqPCR results were so different. However, this will need substantiation

with additional data in the future.

TGFβ1 is one of the main and best studied regulators of HSC activation and triggers

a shift in the HSC transcriptome, pushing the upregulation of fibrotic genes and

transdifferentiation to a myofibroblast-like phenotype [71]. Importantly, based on

the literature and our findings discussed above, the regulation of GREM1 expression

following TGFβ1 stimulation needs to be seen in the context that HSC are not a relevant

source of Gremlin-1 in the liver. Still, we found that Gremlin-1 was regulated across

existing bulk RNA sequencing data sets of TGFβ1-induced HHSC activation and by

RTqPCR in TGFβ1-stimulated LX-2, primary MF and - at least numerically - in HHSC.

The specific conditions of cell culture may have contributed to this regulation of GREM1,

as cultured HSC are usually activated when grown on plastic, a hard surface with

high shear stress. Growing cells in monoculture further adds to an altered phenotype

that is distinct from primary fibrogenic cells in vivo. Therefore, the high expression of

GREM1 in cultured LX-2 and HHSC and its increase with TGFβ1 stimulation, that in
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the literature are often used as a surrogate for the relevance of Gremlin-1 in hepatic

stellate cells, appear to be artefacts of in vitro culture. Furthermore, hepatic fibroblasts

and HSC represent heterogeneous cell populations that may also differ between

aetiologies of liver disease. While we assume that the primary MFs were mainly

derived from activated HSC, we did not ascertain their lineage origin, e.g. by studying

specific marker expression. Similarly, we did not specifically verify the HSC origin

and potential heterogeneity of the commercially sourced HHSC. Still, in the following

chapter we will use LX-2 cells, primary MF and HHSC as cell culture models to study

the effects of modifying Gremlin-1 activity on hepatic fibrogenic cells, complemented

by rat in vivo and human ex vivo models of MASH liver fibrosis.

Other groups have reported increased levels of Gremlin-1 protein in the blood of

patients with MASLD/MASH and cardiovascular disease and even found correlations

with parameters of hepatic disease activity and insulin resistance [1κ0]. To our

surprise, using highly sensitive and specific luminescent channelling assays, we found

no evidence of circulating Gremlin-1 protein. The absence of Gremlin-1 protein from

circulation was confirmed by Novo Nordisk using alternative assays, including ELISA

and chromatography with data not shown in this work (personal communication Novo

Nordisk). Still, we did not confirm our findings in individuals with end-stage liver

disease, the population that showed highest gene expression in qPCR. Therefore,

while we cannot finally rule out presence of Gremlin-1 protein in the blood, previous

findings relating to correlations of circulating Gremlin-1 need to be interpreted with

caution. In the next chapter, we will further explore the potential reasons why Gremlin-1

protein cannot be detected in circulation.
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Overall, we provide compelling evidence for an upregulation of hepatic Gremlin-1

in MASH fibrosis and particularly in end-stage liver disease of different aetiologies,

although this did not translate into detectable circulating levels. In agreement with

existing evidence, GREM1 seems to be mainly expressed in a small subset of THY+

COL3A1+ periportal myofibroblast. Therefore, we feel that this warrants further

validation of Gremlin-1 as a marker for portal fibroblasts and investigations into its role

in end-stage liver disease, cholestatic liver conditions and ductular reaction.
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CHAPTER 4

GREMLIN-1 AS A THERAPEUTIC TARGET IN LIVER

FIBROSIS

4.1 Introduction

Gremlin-1 is involved in tissue fibrosis in a range of different organs [256]. In the

previous chapter we showed that GREM1 mRNA expression correlates with increased

fibrosis in humanmetabolic dysfunction-associated steatohepatitis (MASH) fibrosis and

the rat choline-deficient, L-amino acid defined, 1% cholesterol, high-fat diet (CDAA-

HFD) model of MASH. We also found, in line with existing literature, that GREM1

localises to THY1+ COL3A1+ cells in the fibrotic scar and that it is upregulated in hepatic

matrix-producing cells in response to transforming growth factor beta (TGFβ).

Evidence from the literature suggests that Gremlin-1 is not only upregulated in hepatic

fibrogenic cells but plays an active role in the activation of hepatic stellate cells (HSCs)

and maintenance of their matrix-producing myofibroblast phenotype. Overexpression

of GREM1 in HSC-T6 cells induces gene and protein expression of Col1a1, α smooth

muscle actin (αSMA) and TGFβ1 [1κκ, 1λ0] while conversely, siRNA mediated

knockdown results in the downregulation of fibrogenic signals [1λ0]. The latter also
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translated into reduced fibrosis area in CCl4-treated rats uponGREM1 siRNA-mediated

knockdown in vivo [1λ0]. Furthermore, a recent report using immortalised human

hepatocytes highlighted that Gremlin-1 can induce hepatocellular senescence, and

thereby may be involved in driving disease progression in MASH [1λ1].

However, to date the effects of therapeutic inhibition of Gremlin-1 in human liver

fibrosis, and MASH in particular, have not been studied. In this chapter, we aimed to

further characterize the effects of Gremlin-1 on human fibrogenic cells and evaluate

the therapeutic efficacy of an anti-Gremlin-1-directed antibody treatment in rodent and

human in vivo and ex vivo models of MASH fibrosis.

4.2 Results

4.2.1 GREM1 overexpression in LX-2 and primary human hepatic stellate cells

Generation of the GREM1-GFP-pWPI lentivirus

A detailed description of the methodology used for generation of lentiviral vectors is

given in the methods chapter (Section 2.6.1, page 51). The GREM1 insert, containing

the coding sequence for Gremlin-1 and a modified Kozak sequence, was cloned from

the plasmid by PCR and correct size of the PCR product was confirmed by DNA gel

electrophoresis (Figure 4.1A). The vector pWPI (encoding GFP from a separate locus)

was linearized by PmeI digest and dephosphorylation (Figure 4.1B), and the GREM1

insert blunt end ligated prior to transformation of NEB stable competent E. coli followed

by Sanger sequencing of the resultant colonies at Source BioScience to confirm

correct assembly of the GREM1-pWPI plasmid. pWPI plasmids without the coding
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Figure 4.1: Confirmation of PCR reaction and pmeI digest by DNA gel
electrophoresis. A. DNA gel electrophoresis of GREM1 insert after cloning PCR. The
predicted size was 567 bp. B. DNA gel electrophoresis of the linearised pWPI plasmid
after pmeI digest and dephosphorylation. The predicted molecular size was 11.07 kbp.
The molecular sizes of the DNA size ladder are given on the left hand side of each gel
image.

sequence for GREM1, obtained through backbone re-ligation, were used as negative

lentiviral controls. Finally, lentivirus was generated by transfection of HEK2λ3T cells

and gradient centrifugation of the resulting supernatants as described in the methods

(Section 2.6.1, page 51).

Validation of GREM1 overexpression

After incubation of LX-2 or primary human hepatic stellate cell (HHSC) with lentivirus,

transduction of cells was first confirmed visually by fluorescent microscopy (Figure 4.2),

verifying integration and translation of the GFP coding sequence. In order to assess

the percentage of transduced cells, we performed flow cytometry, using non-transduced
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cells as negative control. Figure 4.3 shows the gating strategy, which was also used

for flow sorting of lentivirally transduced LX-2 cells based on GFP fluorescence.

Figure 4.2: Representative images of GFP fluorescence in lentivirally transduced
LX-2 cells. Cells were transduced with either GFP-control pWPI (left) or GREM1
pWPI (right) lentivirus and imaged on a fluorescent microscope. Scale bar = 100µM.
The images shown underwent background subtraction, Gaussian filtering, contrast and
brightness adjustment.

In LX-2 cells, transduction with the GFP-control lentivirus led to a numerically higher

percentage of GFP-positive cells than the GREM1 virus, resuting in κ0 compared

to 60% GFP positivity (Figure 4.4A). In order to align expression levels of both

GFP-control and GREM1 transduced cells, LX-2 cells were flow-sorted based on

GFP positivity. After sorting, GFP mRNA expression was equal between both cell

lines, while GREM1 mRNA was 177-fold higher in GREM1-transduced cells compared

to GFP-control (p<0.001, Figure 4.4B). In HHSC, however, GREM1 transduction

was more efficient with 60% GFP+ cells compared to only 30% in GFP alone

controls (p=0.02λ, Figure 4.4C). Because of the fragility and overall low numbers

of primary HHSC available, we omitted flow sorting and consequently, both GFP

and GREM1 mRNA expression were significantly higher in GREM1-transduced cells
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Figure 4.3: Gating strategy for flow sorting of lentivirally transduced cells. First, cells
were selected (left panel) before gating on singlets (middle panel). Cells were then
gated based on the λλ percent percentile of non-transduced cells to identify cells
positive for GFP (right panel). Red polygons in the first two panels show gates used to
select cells and the red vertical line in the right panel shows the cut-off for GFP positivity.
Right hand panelμ blue histogram - GFP-control pWPI, red histogram - GREM1 pWPI.

compared to GFP controls (p=0.004 and p=0.020, respectively, Figure 4.4D). Notably,

GREM1 expression was higher in HHSC compared to LX-2 cells (Ct =1κ vs Ct =21.5,

respectively, in GFP-control cells).

Effects on gene expression

Next, we wanted to test whether lentiviral overexpression of GREM1 in primary human

hepatic stellate cells (HHSC) and LX-2 cells affects fibrogenic gene expression. To

that end, GFP-control and GFPμGREM1 cells were seeded to about κ0% confluence

and subsequently serum-starved in reduced serum-conditions for 24 hours (2% FBS in

DMEM for HHSC, 0.5% FBS in DMEM for LX-2). Next, cells were treated with 50U/mL

TGFβ1 or an equivalent volume of 0.1% BSA in PBS (PBSA) as vehicle control.

For HHSC, TGFβ1 treatment of control GFP cells significantly upregulated the

expression of COL1A1 and TIMP1 (p=0.002, and p=0.024, respectively) while

the expression of ACTA2 was numerically upregulated but did not reach statistical
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Figure 4.4: Validation of GREM1 overexpression in LX-2 and HHSC by flow
cytometry and RTqPCR. A. Bar graph showing percentage of GFP-positive cells in
GREM1 or GFP-control lentivirally transduced LX-2, n = 1. B. SybrGreen RTqPCR
results for GFP and GREM1 mRNA in lentivirally transduced LX-2, n = 4. C. Bar
graph showing percentage of GFP-positive cells in GREM1 or GFP-control lentivirally
transduced HHSC, n= 3. D. SybrGreen RTqPCR results for GFP and GREM1 mRNA
in lentivirally transduced HHSC, n =3.
Data in A and C are given as individual data points and mean±SD; data in B and
D are given as individual data points (each representing a different sample measured
in duplicate) and mean. *p<0.05, **p<0.01 and ***p<0.001 using paired two-sided
t-test.
Abbreviationsμ GFP - green fluorescent protein, GREM1 - Gremlin-1.
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significance and exhibited a much greater variance (p=0.23λ, Figure 4.5A). GREM1

overexpression led to a slight but non-significant down-regulation of ACTA2 (p=0.113)

while COL1A1 and TIMP1 were unaffected (p=0.567, and p=0.710, respectively,

Figure 4.5A), and there was no impact on the response of the cells to TGFβs1

stimulation.

Likewise in LX-2 cells, treatment of control cells with TGFβ1 significantly increased

the expression of COL1A1, ACTA2, TIMP1, CCL2 and LOX (p=4.3x10-7, p=0.032,

p=1.3x10-4, p=3.λx10-5 and p=0.005, respectively, Figure 4.5B). Again, GREM1

overexpression did not affect either COL1A1, ACTA2 or TIMP1 expression (all

p>0.05). However, in the absence of TGFβ1 treatment, GREM1 overexpression led to

a significant, albeit weak, upregulation of LOX (p=0.02, Figure 4.5B) and a weak and

non-significant increase in CCL2 and LOXL1 mRNA expression (p=0.11 and p=0.15,

respectively, Figure 4.5B). Similar to that observed for HHSCs, there was no impact of

GREM1s expression on the response of the cells to TGFβs1 stimulation.

In LX-2 cells, we additionally measured the expression of genes involved in BMP

signalling pathways. TGFβ1 treatment significantly reduced the expression of

BMP4, SMAD3, SMAD6 and SMAD9 (p=0.00013, p=0.003, p=0.03κ and p=0.035,

respectively), and significantly increased the expression of BMPR1B, BMPR2, ID1,

INHBA, SMAD1 and SMAD7 (p=0.0002, p=0.0002, p=0.002 and p=0.0004 and

p=1.2x10-6 respectively, Figure 4.5C). ID2 was also numerically increased, but did

not reach statistical significance (p=0.056). GREM1 overexpression led to a slight

but significant reduction of BMP4, SMAD6 and SMAD7 in vehicle-control treated cells

(p=0.016, p=0.013 and p=0.032, respectively) and significantly reduced INHBB
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expression independently of TGFβ1 treatment (p=2.4x10-5). BMP7 and SMAD1 were

overall upregulated in response to GREM1 overexpression (p=0.00κ and p=0.007,

Figure 4.5C), while SMAD6 was downregulated (p=0.01, Figure 4.5C).

In light of these qPCR results, we decided to screen for overall transcriptional changes

in response to the overexpression of GREM1 in LX-2 and HHSC, enabling us to

study potential effects on pathways further downstream from GREM1 signalling.

For this purpose, we performed Lexogen QuantSeq 3’-RNA sequencing on

lentivirally transduced cells without TGFβ1 treatment. Unfortunately, two samples,

LX2_3_GREM1 and HHSC_1_GREM1, were severe outliers in principal component

analysis (Figure 4.6). Going back to the quality control metrics, we found that for these

two outlier samples, DNA yield in the library preparation was much lower compared

to other samples (6.λκ nM and 2λ.3 nM, compared to about 65 to 105 nM in other

samples, table 4.1). Therefore, we concluded that technical reasons were responsible

for these anomalies, and removed these samples and their paired counterparts from

subsequent analyses.

Volcano plots and heatmaps visualising results of differentially expressed gene (DEG)

analysis in LX-2 and HHSC are shown in Figures 4.7 and 4.κ, respectively. The results

of the DEG analysis for the top 100 (LX-2) or top 50 (HHSC) genes are given in the

Appendix A.2 in tables A.3 and A.4, respectively. In summary, overexpression of

GREM1 only changed the expression of a few genes with no apparent connection

to distinct pathways or cellular functions, both in gene set over-representation tests

and gene set enrichment analysis. There also was no overlap between significantly

regulated genes in LX-2 or HHSC.
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Figure 4.5: RTqPCR on lentivirally transduced, GREM1 or GFP-control
overexpressing primary HHSC (A.) and LX-2 (B. and C.). A. Fibrogenic gene
expression in lentivirally transduced HHSC.B. Fibrogenic gene expression in lentivirally
transduced LX-2. C. BMP signalling-related gene expression in lentivirally transduced
LX-2.
All data are given as mean±SEM of -ΔΔCt relative to GFP and vehicle control and
normalised to the expression of SRSF4. *p<0.05 in GREM1 vs GFP-control, # p<0.05
in TGFβ1 vs vehicle control using repeated measures Two-way ANOVA and post-hoc
paired t-test (HHSC) or unpaired Welch t-test (LX-2) for pre-selected comparisons and
Bonferroni-Holm adjustment. C - control-treated, T - 50U/mL TGFβ1-treated.
Abbreviationsμ ACTA2 - alpha smoothmuscle actin, BMP - bonemorphogenetic protein,
BMPR1A/B - BMP receptor 1A/B, BMPR2 - BMP receptor 2, COL1A1 - collagen type
I alpha 1, ID1/2 - inhibitor of DNA binding 1/2, INHBA - inhibin beta A, INHBB - inhibin
beta B, LOX - lysyl oxidase, LOXL1 - lysyl oxidase homolog 1, TIMP1 - tissue inhibitor
of metalloproteinases 1.
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Table 4.1: Main quality metrics for QuantSeq 3’ mRNA sequencing of lentivirally
transduced LX-2 and primary HHSC.

A260/A2κ0 A260/A230 RIN
reads

mapping rate
sample before filtering after filtering

LX2_1_GFP 2.00κ 2.174 λ.2 15.20M 14.60M κ0.46%
LX2_1_GREM1 2.000 2.217 λ.5 1λ.17M 1κ.1κM 7λ.λ6%
LX2_2_GFP 2.070 2.565 λ.λ 20.λ0M 20.0κM κ1.32%
LX2_2_GREM1 2.061 1.57κ λ.λ 1κ.43M 17.71M κ2.25%
LX2_3_GFP 2.057 3.130 10 14.34M 13.7κM κ5.01%
LX2_3_GREM1 2.02κ 3.460 10 11.32M 10.15M 6κ.51%
HHSC_1_GFP 1.λ76 2.1κ7 λ.λ 15.11M 14.56M κκ.66%
HHSC_1_GREM1 1.λ54 2.000 10 13.3κM 11.λ2M 75.0κ%
HHSC_2_GFP 1.λ41 1.λκ0 10 13.07M 12.60M κ6.52%
HHSC_2_GREM1 2.000 1.660 10 17.κ1M 17.22M κκ.λ4%
HHSC_3_GFP 2.000 1.κ00 λ.λ 15.04M 14.32M κ7.κλ%
HHSC_3_GREM1 2.000 1.77κ λ.κ 14.72M 14.0κM κκ.56%

Figure 4.6: PCA analysis forGREM1 overexpressing LX-2 and HHSC. Scatter plots
of the first two principal components (PC) A. in LX-2 B. and HHSC lentiviral transduced
cells. The outliers in each PCA plot are indicated and named.
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Figure 4.7: RNA sequencing results for GREM1 overexpressing LX-2 A. Volcano
plot showing log2-fold changes and the negative decadic logarithm of unadjusted p-
values for all expressed genes. Significantly regulated genes (i.e. adj. p-value <
0.05) are labelled and marked in red. B. Heatmap showing centred and scaled gene
expression for significantly regulated genes with rows representing genes and columns
representing individual experiments.
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Figure 4.8: RNA sequencing results for GREM1 overexpressing primary HHSC
A. Volcano plot showing log2-fold changes and the negative decadic logarithm of
unadjusted p-values for all expressed genes. Significantly regulated genes (i.e. adj.
p-value < 0.05) are labelled and marked in red. B. Heatmap showing centred and
scaled gene expression for significantly regulated genes with rows representing genes
and columns representing individual experiments.

Contraction assays

Cell contractility is an important hallmark in the transdifferentation of quiescent hepatic

stellate cells into myofibroblast-like cells. Collagen contraction assays are a commonly

used tool for the investigation of cultured cells’ ability to modify and contract their

surrounding extracellular matrix.

In order to investigate the effect of GREM1 overexpression on the contractility of LX-

2 cells, we seeded these cells in a collagen cushion and after proper setting of the

collagen matrix, the collagen cushion was released from the well plate and the cells

were treated with either vehicle control, 10 ng/mL platelet-derived growth factor (PDGF),

5U/mL or 50U/mL TGFβ1. After 24 hours incubation, culture plates were imaged on a
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ChemiDoc MP imaging station and subsequently measured using Fiji (ImageJ). For a

detailed protocol please see section 2.7.2 on page 57.

As shown in Figure 4.λ, GREM1 overexpression led to an overall decrease in

contractility of LX-2 cells, independent of the treatment condition (all p<0.05). TGFβ1

at a concentration of 50U/mL increased contractility compared to vehicle control, but

only in GFP-control cells (p=0.02κ).

Figure 4.9: Contraction assay in lentivirally transduced LX-2 cells. A.
Representative images of collagen cushions 24 hours after stimulation. Wells are
arranged by overexpression vector (rows) and treatment condition (columns). Dashed
white line indicates collagen cushion area. B. Column diagram representing the
quantified relative contraction measured as the percent reduction in collagen surface
area, for each condition. Data are given as mean±SD and single data points (each
representing an individual experiments performed in technical duplicate). *p<0.05,
**p<0.01 for indicated comparison and #p<0.05 compared to vehicle control using
Two-Way ANOVA with post-hoc Bonferroni-Holm adjustment.
Abbreviationsμ GFP - green fluorescent protein, GREM1 - Gremlin-1, PDGF - platelet
derived growth factor, TGF5/50 - transforming growth factor 5/50 U/mL.
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Scratch wound assays

Another important feature of activated hepatic stellate cells is increased motility, which

enables cells to migrate to sites of tissue injury. Different assays have been used in the

literature to assess cell migration. Among these are scratch-wound assays, which are

robust, easy to set up and therefore good tools for screening purposes.

The detailed protocol can be found in the methods section (2.7.3) on page 5κ. Briefly,

GFP-control andGREM1-overexpressing LX-2 cells were seeded on 24-well plates and

grown until confluent. Using a 100µL pipette tip, a vertical scratch was then applied to

the monolayer and closure of the wound was imaged on the CelliQ live-cell imager for

up to 72 hours. The wound width was then measured using a custom-made ImageJ

plugin (see A.4, page 226).

Figure 4.10A shows representative images of a wound closure in untreated LX-2 cells

over the course of 72 hours. Wound closure was then analysed using non-linear

regression analysis. The time course of the wound width followed a Gompertz function

(Figure 4.10B), which is a sigmoid curve characterised by an asymmetric growth rate,

where the asymptote is reached more gradually on the right side of the curve. The

wound closure rate for each time point was calculated as the first derivative function of

the wound width over time (Figure 4.10C).

Overall, we did not observe any consistent effect of GREM1-overexpression on the

wound closure dynamics in LX-2 cells. Maximum wound closure rates were similar

between GFP-control and GREM1 overexpressors, both in untreated and PDGF-
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Figure 4.10: Methodology of scratch-wound assay analysis. A. Representative
images of wound closure in untreated LX-2 cells over the course of 72 hours. B.Wound
width over time in a representative experiment, where each dot represents a single data
point. A Gompertz curve was fitted to the graph (continuous line). C. The first derivative
of the wound width over time was used to calculate the wound closure rate for each time
point. The continuous line gives the first derivative function, with the maximum closure
rate and time needed to reach the maximum rate indicated.
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Figure 4.11: Scratch wound healing assay on lentivirally transduced LX-2 cells.
A.Maximumwound closure rate in µm/h. B. Time passed until maximumwound closure
rate was reached in hours.
Data are given as individual data points (each representing an indipendent experiment
performed in technical duplicate) and median. Differences were not statistically
significant using Kruskal-Wallis-test and post-hoc Dunn correction.
Abbreviationsμ GFP - green fluorescent protein, GREM1 - Gremlin-1, PDGF - platelet
derived growth factor.

stimulated cells (p>0.05, Figure 4.11A). Likewise, the time needed until the maximum

wound closure rate was reached, was not significantly affected although numerically

longer in GREM1 overexpressing cells (p>0.05, Figure 4.11B).

4.2.2 Characterisation of therapeutic anti-Gremlin-1 antibodies

Given the potential role of Gremlin-1 in hepatic fibrogenesis in MASH, our collaboration

partners at Novo Nordisk developed therapeutic anti-Gremlin-1 antibodies to test

whether neutralisation of Gremlin-1 can reduce fibrosis in models of MASH. All data on

characterisation of the therapeutic antibodies in the following was generated by Novo

Nordisk and is given here for the sake of completeness and context. The antibodies

are named according to the Novo Nordisk internal numbering with suffixes added

to indicated heparin-binding properties. As described earlier, Gremlin-1 contains
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a heparin-binding domain and shows avid binding to glycosaminoglycans such as

heparan-sulfate. HD indicates heparin-displacing, meaning that the antibody removes

Gremlin-1 from its heparin binding, and ND non-displacing properties of the respective

antibody.

The generated antibodies were highly effective in blocking recombinant humanGremlin-

1 from binding to BMP4 in a Gremlin-1/BMP4 inhibition ELISA (IC50=2.7 - 3.1x10-λM,

Figure 4.12A) and in a BRE-Luc BMP reporter gene assay (EC50=1.3 - 1.4x10-κM,

Figure 4.12B). Treatment of LX-2 cells with BMP4 increased SMAD1 phosphorylation,

which was prevented by the addition of recombinant Gremlin-1, and anti-Gremlin-1

antibodies but not isotype control effectively restored SMAD1 phosphorylation in the

presence of Gremlin-1 in a dose-dependent manner (KD = 2.0 - 4.0 nM, Figure 4.12C).

Antibodies differed in their binding stochastics, as determined by size exclusion

chromatography. The 0032μND/056κμND antibodies formed complexes with Gremlin-1

dimers in a 2μ2 ratio, while the 0030μHD compound bound Gremlin-1 dimers in a 1μ1

ratio (Figure 4.12D).

Anti-Gremlin-1 antibodies had different effects with regards to heparin binding. Using a

fluorescence polarization assay we found that Gremlin-1 immobilised heparin with high

affinity (KD[Grem1 alone] =10.20 nM, Figure 4.12E), confirming previous chromatography

findings (see Figure 3.λ). While the 056κμND (parent antibody of 0032μND) compound

did not affect heparin binding of Gremlin-1, the 0030μHD antibody reduced the affinity

(KD [Grem1] =13.54 nM, KD [056κμND] =1λ.56 nM vs KD [0030μHD] =11κ.65 nM, Figure 4.12E).

In line with these results, Atto-532-conjugated Gremlin-1 bound to the cell surface

of LX-2 cells, which was prevented by the 0030μHD antibody but not 0032μND or
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Figure 4.12: Characterisation of heparin- (0030:HD) and non-heparin-displacing
(0032:ND/0568:ND) therapeutic anti-Gremlin-1 antibodies. A. Gremlin-1/BMP4
inhibition ELISA. BMP4-coated microplates were incubated with mixes of biotinylated
Gremlin-1 and anti-Gremlin-1 antibody and BMP4-bound Gremlin-1 detected using
streptavidin-HRP complex. B. C2C12 BMP responsive element-Luc reporter gene
assay. BMP reporter C2C12 cells were treated with serial dilutions of anti-Gremlin-
1 antibody with recombinant human Gremlin-1 and BMP4. Increased luminescence
indicates higher BMP4 activity. C. SMAD1 phosphorylation assay on LX-2 cells. LX-
2 cells were treated with BMP4, Gremlin-1 and serially diluted anti-Gremlin-1 antibody,
and phosphorylated SMAD1 (pSMAD1) wasmeasured by alphaLISA.D.Size-exclusion
chromatography for Gremlin-1 in combination with heparin-displacing (0030μHD) or non-
heparin-displacing (0032μND) anti-Gremlin-1 antibody. The graph shows UV signal
(continuous line) and estimated molar mass (points) on the y-axis depending on
the eluting volume on the x-axis. Text annotations give the estimated molar mass
corresponding to each peak. E. Fluorescence polarisation heparin-binding assay.
Serial dilutions of Gremlin-1 were incubated with fixed amounts of fluorescein-heparan
sulfate and 1.5-fold molar excess anti-Gremlin-1 antibody.
A.-C. and Eμ Data are given as mean±SD and were fitted to a 4-parameter log-logistic
curve. Iso-Ab, Isotype control
Data generated by Novo Nordisk.
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Figure 4.13: Gremlin-1 cell association assay. The upper panel shows the
cell surface view and the lower panel the three-dimensional confocal view for Atto-
532-labelled Gremlin-1 (yellow-gold) on LX-2 cells (labelled with CellMask Blue).
Representative images for different combinations of 250 nM Gremlin-1 and isotype
or heparin-displacing and non-displacing anti-Gremlin-1 antibodies are given. Iso-Ab,
Isotype control
Images and data generated by Novo Nordisk.

isotype control (Figure 4.13). Size exclusion chromatography on mixes of Gremlin-1,

heparin and anti-Gremlin-1 antibodies revealed that the 0030μD antibody formed 1μ1

complexes with free Gremlin-1 not involving heparin, while the 0032μND antibody

captured heparin-bound Gremlin-1, leading to the formation of higher-order complexes

that were insoluble and precipitated (Figure 4.14).
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Figure 4.14: Size-exclusion chromatography for Gremlin-1-anti-Gremlin-1-
heparin complexes. Different combinations of heparin-displacing (0030μHD, left)
or non-displacing (0032μND, right) therapeutic anti-Gremlin-1 antibodies with heparin
alone, Gremlin-1 alone or Gremlin-1 and heparin were run on a size exclusion
chromatography column. The graph shows UV signal (continuous lines) and estimated
molar mass (points) on the y-axis depending on the eluting volume on the x-axis.
Data generated by Novo Nordisk.

4.2.3 Effect of anti-Gremlin-1 treatment on fibrotic cells in vitro

After validating the therapeutic antibodies, we first wanted to verify their therapeutic

applicability using primary human fibrogenic liver cells, namely primary human hepatic

stellate cells (HHSC) and primary hepatic myofibroblasts (MF). While overexpression of

GREM1 elicited no response, there potentially already is sufficient Gremlin-1 present in

untreated cells and therefore we wanted to investigate the effects of inhibiting Gremlin-

1. For this purpose we used the human heparin-displacing antibody (0030μHD) only

and compared its effects to recombinant human IgG1.1 as isotype control.

Fibrogenic gene expression

We first performed RTqPCR on lysates from primary HHSC and MF treated with anti-

Gremlin-1 or isotype control antibodies at 100 nM concentration, with or without TGFβ1

treatment. Inhibition of TGFβ type I receptor (ALK5) using a small molecular ALK5

inhibitor (ALK5i) served as a positive control.
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In HHSC, ALK5i significantly reduced the expression of COL1A1 (p=0.0361), while

ACTA2 and TIMP1 were unaffected (p=0.6λ2 and p=0.λ31, respectively, Figure 4.15).

Anti-Gremlin-1 treatment did not affect the expression of COL1A1, ACTA2 or TIMP1

expression, neither with nor without TGFβ1 treatment (all p>0.05, Figure 4.15).

Figure 4.15: RTqPCR results for fibrogenic marker genes in primary human
hepatic stellate cells treated with anti-Gremlin-1 (0030:HD) or isotype control
antibodies. Data are given as individual data points (each representing a different
experiment using an individual cell donor and measured in duplicate) and mean
for -ΔΔCt relative to untreated control and normalised to the expression of
SRSF4. *p<0.05 using One-Way ANOVA and post-hoc paired t-tests for pre-defined
comparisons with Bonferroni-Holm adjustment.
Abbreviationsμ ACTA2 - alpha smooth muslce actin, aG1 - anti-Gremlin-1, ALK5i -
ALK5 inhibitor, COL1A1 - collagen type 1 alpha 1, DMSO - dimethyl sulfoxide, Iso -
Isotype control, TGFβ1 - transforming growth factor beta 1, TIMP1 - tissue inhibitor of
metalloproteinases 1.

Similarly in primary MF, ALK5i led to a numerical but non-significant reduction of

COL1A1 and TIMP1, while ACTA2 was not affected (p=0.123, p=0.056 and p=0.λ6κ,

respectively, Figure 4.16). Again, independent of stimulation with TGFβ1, anti-Gremlin-

1 treatment had no effect on COL1A1, ACTA2 and TIMP1 expression (all p>0.762,

Figure 4.16).
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Figure 4.16: RTqPCR results for fibrogenic marker genes in primary human
hepatic myofibroblasts treated with anti-Gremlin-1 (0030:HD) or isotype control
antibodies. Data are given as individual data points (each representing a different
experiment using an individual cell donor measured in duplicate) and mean for -ΔΔCt
relative to untreated control and normalised to the expression of SRSF4. Statistical
testing was done using One-Way ANOVA and post-hoc paired t-tests for pre-defined
comparisons with Bonferroni-Holm adjustment. aG1, anti-Gremlin-1; Iso, Isotype
control
Abbreviationsμ ACTA2 - alpha smooth muslce actin, aG1 - anti-Gremlin-1, ALK5i -
ALK5 inhibitor, COL1A1 - collagen type 1 alpha 1, DMSO - dimethyl sulfoxide, Iso-Ab -
Isotype control, TGFβ1 - transforming growth factor beta 1, TIMP1 - tissue inhibitor of
metalloproteinases 1.
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Contraction assays

We also performed collagen matrix contraction assays on parent LX-2 cells to

investigate the effects of recombinant human Gremlin-1 and the therapeutic anti-

Gremlin-1 antibody on the contractile myofibroblast phenotype. As can be seen

in Figure 4.17, while 50 /mL TGFβ1 led to increased LX-2 contractility, neither

recombinant Gremlin-1 nor anti-Gremlin-1 antibody had any effect on matrix

contraction.

Figure 4.17: Contraction assay in LX-2 cells upon gremlin-1 or anti-gremlin-1
treatment. A. Representative images of collagen cushions 24 hours after stimulation.
Treatment conditions are given on the top. B. Column diagram representing the
quantified relative contraction measured as the percent reduction in collagen surface
area, for each condition. Data are given as mean±SD and single data points for each
experiment. Each experiment was run in technical duplicates.
Abbreviationsμ ACTA2 - alpha smooth muslce actin, aG1 - anti-Gremlin-1, ALK5i -
ALK5 inhibitor, COL1A1 - collagen type 1 alpha 1, DMSO - dimethyl sulfoxide, G0.5
- 0.5 µg/mL Gremlin-1, G5 - 5 µg/mL Gremlin-1, IMC - isotype matched control, TGFβ1
- transforming growth factor beta 1, TIMP1 - tissue inhibitor of metalloproteinases 1.
The heparin-displacing anti-Gremlin-1 antibody 0030μHD was used at a concentration
of 100 nM for this experiment.
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Scratch wound assays

Testing the effects of anti-Gremlin-1-treatment on LX-2 cell migration, we performed

scratch wound assays on cells treated with anti-Gremlin-1, isotype control or vehicle

control in the absence or presence of PDGF co-treatment. Similar to results for

lentivirally transduced LX-2 cells, anti-Gremlin-1 treatment did not have any significant

effect on maximum closure rate or time until the maximum closure rate was achieved

(p>0.05, Figure 4.1κA and B). However, anti-Gremlin-1 treatment led to a numerical,

albeit non-significant, reduction in the time to maximum wound closure rate (p=0.κ7,

Figure 4.1κB).

Figure 4.18: Scratch wound healing assay on parent LX-2 cells. A. Maximum
wound closure rate in µm/h. B. Time passed until maximum wound closure rate was
reached in hours.
Data are given as individual data points (each representing a separate experiment run
in technical duplicate) and median. Differences were not significantly different using
Kruskal-Wallis-test and post-hoc Dunn correction.
Abbreviationsμ aG1 - anti-Gremlin-1, IMC - Isotype matched control, PDGF - platelet-
derived growth factor.
The heparin-displacing anti-Gremlin-1 antibody 0030μHD was used at a concentration
of 100 nM for this experiment.
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4.2.4 Effect of anti-Gremlin-1 treatment on MASH fibrosis in rats

Our experiments to this point were performed on monolayer cell culture, which are not

representative of whole body systems and published data still suggests that Gremlin-

1 has a role in the fibrotic response. Therefore, we used a rat model of MASH to

test the effects of targeting Gremlin-1 on liver inflammation and fibrosis in vivo. The

antibodies used in the rat model were derived from the human antibodies described

above by grafting the variable regions of the heavy and light chains onto a murine

IgG1 scaffold. All animal experiments were performed by our collaboration partner

Novo Nordisk and the results are presented here for the sake of completeness and

context. Male Sprague Dawley rats were fed a CDAA-HFD for 12 weeks. In the

latter 6 weeks, therapeutic ”murinised” antibodies (heparin-displacing 2021μHD or non-

displacing 0361μND) or isotype control murine IgG1 were injected subcutaneously once

every week. Blood and tissue were then analysed for markers of hepatic injury and

liver fibrosis (Figure 4.1λA). Figures 4.1λ, 4.20 and 4.22 give the results for the highest

antibody concentrations used, only. Extended data for all antibody concentrations used

in this experiment can be found in Appendix A.3.

As expected, animals on theCDAA-HFD developed reduced bodyweight (p=1.12x10-κ)

and displayed a MASH phenotype with increased levels of alanine aminotransferase

(ALT) (p=2.07x10-4), increased liver weight (p=1.κ7x10-10), steatosis (p=3.35x10-15),

picrosirius red (PSR) positive fibrosis area (p=4.6λx10-κ) and CD45+ immune cell

infiltrates (p=4.55x10-5) (Figure 4.1λB-H).
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Figure 4.19: Results for anti-Gremlin-1 antibody treatment on CDAA-HFD induced
MASH and fibrosis in rats. A. Schematic showing the study design for the
animal experiment. B. Quantification of body weight in grams at the end of the
study. C. Quantification of plasma ALT in U/L. D. Quantification of plasma aspartate
aminotransferase (AST) in U/L. E. Quantification of relative liver weight as the
percentage of total body weight. F. Quantification of histological liver steatosis area
in percent. G. Left panel shows representative histological images for picrosirius red
staining for different treatment conditions. Scale bars represent 250 µm. Right panel
shows quantification of picrosirius red staining (PSR) in percent of total area. H. Left
panel shows representative histological images for CD45 IHC for different treatment
conditions. Scale bars represent 250 µm. Right panel shows quantification of CD45
IHC in percent of total area.
Data are given as individual data points (each representing a different animal sample
measured in duplicate) mean ± SD for n=5 (chow), n=17 (Iso-Ab) and n=13 (2021μHD &
0361μND) animals per group. Significance was determined by multiple two-sided paired
Welch t-tests against Iso-Ab, followed by Bonferroni-Holm adjustment (***p<0.001).
Images and data generated by Novo Nordisk.
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We also assessed gene expression changes in the CDAA-HFD model in response

to therapeutic antibody. In line with immunohistochemistry results, the CDAA-HFD

led to a significantly increased expression of Grem1, fibrosis marker genes Col1a1,

Col3a1, Timp1 and Tgfb1, as well as Tnf as a marker of the inflammatory response

(all p<0.001, Figure 4.21). However, neither heparin-displacing nor non-displacing

antibody had any effect on gene expression (all p>0.05, Figure 4.21). Results for all

antibody concentrations are given in the appendix (Table A.6).

To assess target engagement, circulating concentrations of Gremlin-1 were measured

using a Novo Nordisk in-house developed alpha-LISA. Circulating Gremlin-1 was

undetectable in all animals, except for those treated with the highest dose of heparin-

displacing antibody (Figure 4.22 and Figure A.1). Still, despite target engagement

in the high-dose displacing antibody group, neither the heparin-displacing nor the

non-displacing therapeutic anti-Gremlin-1 antibody had any significant impact on

markers of liver injury, inflammation or fibrosis (Figure 4.1λB-H and Figure 4.20,

p>0.05).
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Figure 4.20: Additional IHC data from rat CDAA-HFD study. Left panels show
representative IHC images for different treatment conditions. Scale bars represent
250µm. Right panels show staining quantification in percent of total area. A. Collagen
1,
B. Alpha smooth muscle actin (αSMA), C. CD6κ, D. CD11b.
Data are given as individual data points (each representing a different animal sample)
and mean±SD for n = 5 (chow), n = 17 (Iso-Ab) and n=13 (2021μHD & 0361μND)
animals per group. Significance was determined by multiple two-sided paired Welch t-
tests against Iso-Ab, followed by Bonferroni-Holm adjustment (**p<0.01, ***p<0.001).
Images and data generated by Novo Nordisk.
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Figure 4.21: RTqPCR results for anti-Gremlin-1 antibody treatment on CDAA-HFD
induced MASH and fibrosis in rats. Data are given as single data points (each
representing a different animal sample measured in duplicate) and mean±SEM for -
ΔΔCt relative to chow control and normalised to B2m expression. ***p<0.001 using
One-Way ANOVA and post-hoc Dunnett test compared to Iso-Ab treated animals.
Abbreviationsμ Col1a1 - collagen type 1 alpha 1, Col3a1 - collagen type 3 alpha 1,
Grem1 - Gremlin-1, Tgfb1 - transforming growth factor beta 1, Timp1 - tissue inhibitor
of metalloproteinases 1, Tnf - tumour necrosis factor alpha.
Data generated by Novo Nordisk.

Figure 4.22: Target engagement in rat CDAA-HFD study. Peripheral blood was
taken throughout the treatment with isotype control, heparin-displacing (2021μHD) or
non-heparin-displacing (0361μND) anti-Gremlin-1 antibody. Gremlin-1 concentration
was measured using Novo Nordisk in-house alphaLISA. Data are given as median and
25 - 75% interquartile range of fluorescent signal. Due to overall low signal, no confident
absolute quantification of Gremlin-1 concentrations was possible.
Data generated by Novo Nordisk.
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4.2.5 Effect of anti-Gremlin-1 treatment on human cirrhotic PCLS

We next aimed to assess whether anti-Gremlin-1 directed treatment, in the absence

of an effect on rats in vivo, still has an anti-fibrotic effect on human liver disease. For

this purpose, we prepared 250µm thick precision-cut liver slices (PCLS) from human

cirrhotic MASH and alcohol-related liver disease (ArLD) livers and treated these for

24 hours with 50U/mL TGFβ1, 1 µM ALK5i, 100 nM heparin-displacing anti-Gremlin-1

therapeutic antibody (0030μHD) or their respective vehicle and isotype controls.

To test for toxic effects of any treatment condition, wemeasured Albumin concentrations

and aspartate aminotransferase (AST) activity in the supernatants of cultured PCLS.

Albumin is secreted by functional hepatocytes and its concentration should therefore

reflect hepatocellular secretory function, whereas AST is a mitochondrial protein that is

released from hepatocytes upon severe cell damage. Neither Albumin concentration

nor AST activity were different between treatment conditions (p=0.35κ and p=0.112,

respectively, Figure 4.23). However, both Albumin concentration and AST activity were

highly variable across the different livers used for PCLS preparation (p=3.3λx10-κ and

p=6.62x10-10, respectively, Figure 4.23).

Similar to target engagement studies in CDAA-HFD-fed rats undergoing anti-Gremlin-1

treatment, we wanted to assess release of Gremlin-1 from extracellular matrix binding

by measuring Gremlin-1 concentrations in the supernatants of cultured PCLS. To that

end, Gremlin-1 protein quantification was performed by our collaboration partner Novo

Nordisk using the alpha-LISA described above. As shown in Figure 4.24A, the signal
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Figure 4.23: Biochemical responses of human PCLS exposed to heparin
displacing anti-Gremlin-1 antibody. A. and B. Albumin concentration and C. and D.
AST activity in supernatants of cirrhotic PCLS, grouped by treatment condition (A. and
C.) or liver identity (B. and D.).
All data are given as individual data points (each representing an individual PCLS
experiment measured in duplicate) and mean±SD. The heparin-displacing anti-
Gremlin-1 antibody 0030μHD was used for this experiment.
Abbreviationsμ aG1 - anti-Gremlin-1, ALK5i - ALK5 inhibitor, DMSO - dimethyl
sulfoxide, Iso-Ab - Isotype matched control, PCLS - precision-cut liver slices, TGFβ1 -
transforming growth factor beta 1.
Liver disease aetiologiesμ MASH (PCLS 1-3,5), MetALD (PCLS 4), ArLD (PCLS 6)
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for Gremlin-1 protein was below the lower limit of detection in all supernatants tested

and therefore quantification was not possible.

Delivery of antibody-based therapeutics to fibrotic areas is always a concern [257]

and therefore we wanted to determine whether our method of delivery enabled

the therapeutic antibody to reach the fibrotic septa in PCLS and potentially elicit

a response. For this purpose, PCLS were treated with non-heparin displacing

AlexaFluor4κκ (AF4κκ)-conjugated anti-Gremlin-1 or isotype control antibodies.

Fluorescence was visualised by confocal microscopy. In addition, we performed

DAPI staining to identify cell nuclei, and red fluorescence was detected on the AF5λ4

channel to capture hepatocyte-derived red autofluorescence. Figure 4.24B shows

representative confocal microscopy images and H&E staining. Fluorescence in the

AF4κκ channel was low in PBS and Iso-Ab-treated PCLS and co-localised with red

autofluorescence in the AF5λ4 channel. In aG1-treated PCLS however, AF4κκ

fluorescent signal was stronger and localised to fibrotic septa, and this signal was

distinct from the AF5λ4 autofluorescence.

Next, we performed RTqPCR for fibrogenic targets COL1A1, ACTA2 and TIMP1 to

study the effects of each treatment on human cirrhotic PCLS. TGFβ1 significantly

increased the expression of COL1A1 and TIMP1 (p=0.033 and p=0.047, respectively)

and led to a non-significant increase in ACTA2 expression (p=0.0λ5, Figure 4.25).

Concordantly, inhibition of TGFβ1 signalling by pharmacologic ALK5 inhibition

significantly reduced the expression of COL1A1, ACTA2 and TIMP1 (p=λ.λx10-4,

p=0.040 and p=0.003, respectively, Figure 4.25). Anti-Gremlin-1 treatment, however,

had no effect on target gene expression (p>0.2κ3, Figure 4.25).
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Figure 4.24: Target engagement studies in PCLS. A. Results of alphaLISA for
Gremlin-1 protein in supernatants of treated cirrhotic PCLS. Data are given as individual
data points (each representing an individual PCLS experiment measured in duplicate)
for fluorescent signal intensity and dotted lines indicate the signal intensities obtained
using blank culture medium or blank assay buffer. B. One set of cirrhotic PCLS
was treated with either PBS or AF4κκ-conjugated non-heparin displacing isotype
control or anti-Gremlin-1 antibody for 24 h. Unfixed frozen sections were imaged
after autofluorescence quenching and staining with DAPI. Red autofluorescence was
detected using the AF5λ4 channel. Scale bar represents 100µm.
Abbreviationsμ aG1 - anti-Gremlin-1, DMSO - dimethyl sulfoxide, Iso-Ab - isotype
control antibody, PBS - phosphate-buffered saline, TGFβ1 - transforming growth factor
beta 1.
The heparin-displacing anti-Gremlin-1 antibody 0030μHD was used for this experiment.
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Figure 4.25: RTqPCR results for fibrogenic marker genes in cirrhotic PCLS. Data
are given as individual data points (each representing an individual PCLS experiment
measured in duplicate) and mean±SD for -ΔΔCt relative to untreated control and
normalised to the geometric mean of SRSF4, HPRT1, CTCF and ERCC expression.
*p<0.05, **p<0.01, ***p<0.001 using One-Way ANOVA and post-hoc paired t-tests
for pre-defined comparisons with Bonferroni-Holm adjustment.
Abbreviationsμ ACTA2 - alpha smooth muslce actin, aG1 - anti-Gremlin-1, ALK5i -
ALK5 inhibitor, COL1A1 - collagen type 1 alpha 1, DMSO - dimethyl sulfoxide, Iso -
Isotype control, TGFβ1 - transforming growth factor beta 1, TIMP1 - tissue inhibitor of
metalloproteinases 1.
The heparin-displacing anti-Gremlin-1 antibody 0030μHD was used for this experiment.

We then measured soluble pro-collagen 1 in PCLS tissue culture supernatants to

assess the effect of anti-Gremlin-1 treatment on the protein level. In five samples, the

ELISA returned negative values and therefore, these samples were removed from

subsequent analysis. As shown in Figure 4.26, TGFβ1-treatment had no significant

effect on pro-collagen 1 concentrations (p=0.35), while ALK5i treatment led to a slight

but significant reduction in pro-collagen 1 levels (p=0.047). However, anti-gremlin-1

antibody treatment had no effect on pro-collagen 1 levels (p=0.177).

While we found no changes in typical fibrogenic marker genes or pro-collagen 1

protein levels upon treatment with anti-Gremlin-1 antibody, we also wanted to check

for changes in gene expression not directly related to organ fibrosis as the functions

of Gremlin-1 have not been determined exhaustively. For this purpose, we performed
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Figure 4.26: Pro-collagen 1 protein levels as determined by ELISA in PCLS
culture supernatants. Data are given as individual data points (each representing a
different PCLS samplemeasured in duplicate) andmean±SD. *p<0.05 using One-Way
ANOVA and post-hoc paired t-tests for pre-defined comparisons with Bonferroni-Holm
adjustment.
Abbreviationsμ aG1 - anti-Gremlin-1, ALK5i - ALK5 inhibitor, DMSO - dimethyl sulfoxide,
Iso - Isotype control, TGFβ1 - transforming growth factor beta 1.
The heparin-displacing anti-Gremlin-1 antibody 0030μHD was used for this experiment.

3’-mRNA sequencing, which was carried out by the Genomic Services at the University

of Birmingham. Table 4.2 provides the main quality read-outs for all samples. Most

samples had a A230/A260 ratio of more than 1.κ00 and RNA integrity numbers

(RINs) of more than 6, with the exception of 3 samples, respectively. However, lower

A230/A260 ratios and RIN values did not correlate with the number of sequenced

reads or the mapping rate, the latter consistently being around 75%, while the number

of reads greatly varied between 1.κ2 and 23.5κ million.

We then performed differential gene expression analysis. Figure 4.27A shows the

volcano plot for differential gene expression analysis and Figure 4.27B gives a heatmap

for the differentially expressed genes. Only four genes were significantly regulated,

one that was up- and three that were downregulated. Table 4.3 gives the log2-fold

changes and unadjusted and adjusted p-values for the top 10 regulated genes. Gene
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Table 4.2: Main quality metrics for QuantSeq 3’ mRNA sequencing of PCLS.

A260/A2κ0 A260/A230 RIN
reads

mapping rate
sample before filtering after filtering

1-1_IMC 2.006 2.421 6.1 1λ.57M 1λ.27M 75.50%
1-2_aG1 2.013 2.50κ 6.κ 5.λ2M 5.κ2M 74.λ2%
2-1_IMC 2.020 2.345 6.7 6.15M 5.λ7M 73.3κ%
2-2_aG1 2.02λ 2.724 5 11.30M 11.02M 73.6λ%
3-1_IMC 2.045 2.544 7.2 1.κ2M 1.7κM 75.41%
3-2_aG1 2.033 2.4κ0 5.λ κ.λ1M κ.75M 76.31%
4-1_IMC 1.λ73 1.460 6.1 22.1λM 21.λ4M 76.20%
4-2_aG1 1.λ74 1.κ33 6.5 23.5κM 23.42M 74.20%
5-1_IMC 1.λ71 2.202 5.1 14.71M 14.3λM 76.10%
5-2_aG1 1.λλ2 2.213 4.λ λ.13M κ.λ7M 77.55%
6-1_IMC 1.λκ2 1.413 6.κ 12.67M 12.42M 75.4λ%
6-2_aG1 1.λκ3 1.671 6.λ 14.λ2M 14.72M 76.60%

Abbreviationsμ RIN - RNA integrity number

set enrichment and over-representation analyses did not return any significantly

enriched pathways (FDR > 0.05).
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Figure 4.27: Results of RNA sequencing from human cirrhotic PCLS. A. Volcano
plot showing log2-fold changes and the negative decadic logarithm of unadjusted p-
values for all expressed genes. Significantly regulated genes (i.e. adj. p-value <
0.05) are labelled and marked in red. B. Heatmap showing centred and scaled gene
expression for significantly regulated genes.
The heparin-displacing anti-Gremlin-1 antibody 0030μHD was used for this experiment

Table 4.3: Top 10 differentially expressed genes in PCLS aG1 vs Iso-Ab

log2FoldChange p-value padj gene symbol

2.κ3 2.67E-0λ 4.05E-05 C5orf24
-2.λ5 2.λλE-0λ 4.05E-05 ARMCX4
-2.7λ 1.16E-0κ 1.05E-04 LINC00511
-2.36 2.47E-07 1.67E-03 AGBL5
-0.35 2.κ7E-05 1.55E-01 LRRC41
3.0λ 4.30E-05 1.λ4E-01 LGALS1
2.04 5.05E-05 1.λ6E-01 NPLOC4
3.1κ 1.10E-04 3.74E-01 TMEM176A
-4.15 3.70E-04 λ.74E-01 RAB6B
-10.κ2 3.65E-04 λ.74E-01 PRKAA2
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4.3 Discussion

In recent years, Gremlin-1 has been recognised as a potential therapeutic target for

treating patients with MASH, and MASH fibrosis, in particular. Baboota et al recently

suggested that anti-Gremlin-1-based therapies may be capable of halting or even

reversing MASH progression through inhibition of hepatocellular senescence [1λ1]. In

this chapter, we aimed to develop and evaluate anti-Gremlin-1 neutralising antibodies

as therapeutic assets for the treatment of MASH fibrosis.

In the previous chapter, we found increased levels of GREM1 expression in MASH

fibrosis and localisation of GREM1 to hepatic fibroblasts. In this chapter however, we

observed no therapeutic effect of antibody-mediated neutralisation of Gremlin-1 protein,

neither in a CDAA-HFD rat in vivo model nor in human ex vivo or in vitro culture models

of MASH fibrosis. We extensively tested and characterised our therapeutic antibodies

and were able to show high-affinity binding to Gremlin-1 and functional inhibition of

its BMP4-inhibitory activity. Furthermore, treating rats with the heparin-displacing anti-

Gremlin-1 antibody in vivo led to a significant increase in circulating Gremlin-1 protein,

evidencing reliable target engagement. However, the small subset of COL3A1+/THY1+

periportal fibroblasts unlikely represents the major fibrogenic cell population in MASH.

While periportal myofibroblasts play an important role in biliary fibrosis [243, 25κ], in

most chronic liver diseases such as MASH and alcohol-related liver disease, HSC-

derived myofibroblasts represent the predominant fibrogenic cell population [κ2, 25λ].

Moreover, hepatic Gremlin-1 expression is quite low when compared to organs such as

the intestine or visceral adipose tissue [172]. Others suggested that Gremlin-1 plays an
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important role in visceral adipose tissue biology by driving adipocyte hypertrophy and

adipose tissue dysfunction [23κ]. Given the important role of visceral adipose tissue

dysfunction in metabolic dysfunction-associated steatotic liver disease (MASLD)/MASH

development [260], Gremlin-1 could drive the development and progression of MASH

by modulating local adipose tissue function. Some authors have hypothesised that

visceral adipose tissue Gremlin-1 may act directly on the liver via delivery through

the blood stream [1κ0], but this seems unlikely considering the high affinity binding of

Gremlin-1 to glycosaminoglycans such as heparin, which likely prevents Gremlin-1 from

entering the blood stream. Furthermore it has been suggested that Gremlin-1 could

act through induction of hepatocellular senescence [1λ1]. While we did not measure

senescence markers in our study, in situ hybridisation (ISH) data from our previous

chapter suggest that GREM1 expressing cells are quite distant to hepatocytes. Given

the local retention of Gremlin-1 due to its heparin-binding capacity, we feel it is unlikely

that Gremlin-1 has any considerable effects on hepatocytes in vivo.

We carefully selected the CDAA-HFD rat model of MASH fibrosis for our in vivo studies

as this was the only animal model tested that showed convincing and reliable hepatic

upregulation of Gremlin-1 upon liver injury. While the CDAA-HFD model reliably

reproduces the histological hallmarks of hepatic disease in MASH, such as liver

steatosis, inflammation and fibrosis [11κ], it does not incorporate extrahepatic factors

such as obesity and adipose tissue dysfunction as drivers of disease. On the contrary,

the CDAA-HFD leads to reduced weight gain and reduced visceral adiposity compared

to control diet [11κ]. Data on adipose tissue biology in response to CDAA-HFD are

scarce, but the expression and release of the obesogenic cytokine leptin, which is
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considered a hallmark of severe obesity and the metabolic syndrome [261], is actually

reduced in CDAA-fed mice [262]. Likewise, although we have not specifically tested

for adipose tissue Gremlin-1 expression in this model, obesity-induced changes in

adipose tissue Gremlin-1 expression and biology are likely not adequately reflected

in the CDAA-HFD model. Taken together with the role of Gremlin-1 in adipose tissue

dysfunction [172], we feel that blocking Gremlin-1 may well have an effect in other

models of MASH fibrosis, e.g. the Western Diet model or high-fat, high-fructose diets

more adequately reflecting the metabolic phenotype.

PCLS are now a well-established method that allows the study of hepatic signalling

pathways ex vivo, and unlike monolayer cell culture models reflect cell-cell

interactions in the liver [213]. We used liver specimens from patients undergoing liver

transplantation, which enabled the study of effects of anti-Gremlin-1 treatment on

clinically relevant, chronically diseased liver. However, patients already suffered from

end-stage liver disease which is usually not amenable to pharmacological interventions

aimed at reversing disease. We were also limited to studying samples after a maximum

of 24 hours of treatment, because in previous experiments we observed tissue and

RNA degradation when keeping cirrhotic PCLS in culture for longer. While others

incubated cirrhotic PCLS for up to 4κ hours, they still observed significant changes in

gene expression as early as 24 hours after dosing [263], and we also found a clear

anti-fibrotic response upon ALK5 inhibition, indicating functionality of our experimental

setup. Still, the high variability of Albumin and AST levels in PCLS supernatants

across different explant livers highlights the heterogeneity in PCLS composition and

quality. Furthermore, the effects of blocking Gremlin-1 may take longer than 24 hours
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and potential effects of Gremlin-1 on infiltrating immune cells and extrahepatic signals,

e.g. from the gut or adipose tissue, are not reflected in PCLS and limit generalisability

of our observations.

Our negative findings from rat in vivo and human ex vivo models were largely

corroborated by our results obtained through in vitro cell culture of fibrogenic liver cells.

Anti-Gremlin-1 treatment was ineffective in reducing pro-fibrogenic gene expression in

both LX-2 and primary HHSC, although the low number of biological replicates in these

experiments might have masked any potential effects. This was in line with findings

that lentiviral overexpression of GREM1 in both cell culture models did not alter the

expression of fibrogenic genes in response to TGFβ1. Interestingly, overexpression

numerically increased the expression of CCL2, a proinflammatory cytokine upregulated

in early stellate cell activation [25λ] and significantly increased LOX expression, which

plays an important role in collagen-crosslinking and is typically upregulated later in

the HSC activation cascade [25λ, 264] and has also been found to be upregulated

in human ocular trabecular meshwork cells in response to Gremlin-1 [265]. GREM1

overexpression also modulated the expression of BMP-signalling-related genes,

summarised in Figure 4.2κ, including BMP7, some SMADs and INHBB. BMP7 is

a typical target of Gremlin-1 and has been described as an anti-fibrotic modulator

of HSC activation [136]. The upregulation of BMP7 mRNA, as well as SMAD1, a

canonical SMAD protein in the BMP signalling pathway [266], suggests that GREM1

overexpression may have induced counter-regulatory responses which could have

dampened any potential pro-fibrogenic effect. The downregulation of inhibitory SMADs

6 and 7 in response to GREM1 overexpression could be seen in the same light, as
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reduced inhibitory SMAD abundance could dis-inhibit BMP signalling [267], although

dis-inhibition of TGFβ signalling is possible as well [26κ]. The gene INHBB coding

for the inhibin βB chain was also prominently downregulated in cells overexpressing

GREM1. Importantly, the biological function of INHBB is dependent on the expression

of inhibin α chain (INHA), which associates with inhibin β chain proteins to form

heterodimers called inhibins [26λ]. In the absence of the inhibin α chain, inhibin βB

chain forms Activin B, a homodimer composed of inhibin βB chain protein [26λ]. Older

publications found no evidence of INHA mRNA in human and rodent liver [270, 271],

findings that were corroborated by more recent immunohistochemistry data which

found a lack of evidence for inhibin α protein in non-tumorous human liver [272].

Therefore, the decreased expression of INHBB in response to GREM1 overexpression

likely translates into reduced abundance of the fibrogenic Activin B protein. Similar

to limitations outlined in the previous chapter, we did not ascertain the phenotype

and origin of primary cell cultures, and heterogeneity of primary cell isolates (e.g.

composition of fibroblast origins in HHSC cultures) may have impacted our results.

Notably, we did not find a consistent transcriptional regulation when applying RNA

sequencing to the lentiviral overexpressors and low-abundance transcripts relating

to BMP signalling were not recovered using this approach. Furthermore, some very

high log2-fold changes reported for RNA sequencing may be false high estimates

owing to small sample sizes and known limitations of variance-based approaches for

deriving fold-change estimates in differential gene expression analysis [273]. Taken

together, our findings suggest that overexpression of GREM1 in LX-2 cells may induce

counter-regulatory programs that override any net fibrogenic effects of Gremlin-1.
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Figure 4.28: Overview of GREM1 overexpression effects on the BMP signalling
pathway. Increased gene expression is indicated by upwards pointing arrows in green
and decreased gene expression by downwards pointing arrows in red.
Abbreviationsμ BMP - bone morphogenetic protein, BMPRs - BMP receptors, TGF -
transforming growth factor, TGFRs - TGF receptors.

Similarly, we did not observe any consistent effect of lentiviral overexpression or

anti-Gremlin-1 treatment on the contractile phenotype or wound healing response

in collagen contraction and scratch-wound assays. As an exception, we found a

consistent lack of contractility in the GREM1 overexpressing LX-2 cells, although we

did not ascertain that the cells remained viable under these low shear stress conditions.

In addition, in scratch-wound assays we did not observe any consistent response of

LX-2 cells to PDGF stimulation and we therefore have to conclude that the assay did

not work as expected and we cannot draw any conclusions regarding changes in the

wound healing response. Finally, most of the experiments were underpowered due

to the use of only three biological replicates, and therefore, any potential effect of

modulating Gremlin-1 activity may have been missed.

Overall, considering the minor role of periportal fibroblasts, the main cell population

expressing Gremlin-1, in MASH fibrosis and the lack of an effect upon neutralisation
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of Gremlin-1, the role of hepatic Gremlin-1 in liver fibrosis seems questionable. While

some authors described in vivo effects of siRNA knockdown of Gremlin-1 on liver

fibrosis in a carbon tetrachloride (CCL4) model of liver fibrosis in rats [1λ0], others

did not find any effect of adenoviral overexpression or intraperitoneal injection of

recombinant Gremlin-1 protein on steatosis, inflammation and fibrosis in high-fat

diet-fed mice [274]. Furthermore, recent studies suggest that Gremlin-1 might not be

a solely pro-fibrotic protein acting through inhibition of BMPs. Studies on myocardial

fibrosis, urinary carcinoma and intervertebral disc degeneration found that Gremlin-1

can also directly antagonise TGFβ1 [16λ–171], thereby potentially exerting anti-fibrotic

effects. In summary, the specific role of Gremlin-1 in organ fibrosis seems to depend

on the context, including the local balance of BMPs and TGFβ proteins.

Heparin-binding properties of target proteins pose potential challenges to the

development of therapeutic antibodies. As shown in the previous chapter, Gremlin-1

protein binds to heparin with high affinity. Similarly, antibodies can differ in their

binding properties towards protein-heparin complexes. In the presence of heparin,

non-displacing antibodies led to the formation of insoluble complexes, which in vivo

could cause the formation of immune complexes and subsequently cause local

inflammatory reactions. In the presented study, the heparin-binding properties of

Gremlin-1 offered an opportunity for target engagement studies. In response to

heparin-displacing antibody treatment in rats, the signal for circulating Gremlin-1

increased, evidencing removal from its local heparin binding. Picking up these

changes not only made us confident that the antibody engaged its target but also that

the LOCI assay presented in the previous chapter was indeed working as intended.

140



Chapter 4 Discussion

Unfortunately, we did not observe an increase in soluble Gremlin-1 in PCLS treated

with anti-Gremlin-1 antibody. While it is possible that the antibody was not binding to

its target, we showed positive fluorescent staining of the fibrotic scar by fluorescence-

labelled non-displacing anti-Gremlin-1 antibody. This suggests that the antibody was

able to penetrate PCLS scar tissue and bind to Gremlin-1. However, given the low

abundance of GREM1 ISH staining in human liver fibrosis (see Chapter 3, page 7λ),

soluble Gremlin-1 concentrations might have been too low to produce any meaningful

signal. Our results stress the importance of heparin-binding properties for therapeutic

antibody development. Interactions between antibodies, target protein and heparin

should always be taken into account when developing novel therapeutic strategies.

In addition, our findings regarding the heparin-binding properties of Gremlin-1 shed

light on its biological function and its potential use as a biomarker. Heparin-binding is

a hallmark of TGFβ superfamily proteins [275], including Gremlin-1 belonging to the

Dan family. Therefore it does not come as a surprise that Gremlin-1 also possesses

high-affinity binding properties towards glycosaminoglycans such as heparin sulphate

[165]. Our findings of absent Gremlin-1 protein in the blood in lieu with detectable

levels upon treatment with heparin-displacing anti-Gremlin-1 antibody in the rat in vivo

study indicates that heparin-binding may retain Gremlin-1 protein in close proximity to

its functional niche. This could preclude the release of Gremlin-1 protein into systemic

circulation and at the same time amplify local activity in the spatial niche surrounding

Gremlin-1-expressing cells. Still, extracellular vesicles [276] and platelets can contain

Gremlin-1 [1κ1], which may still enable inter-organ communication through Gremlin-

1. Taken together, the implications of Gremlin-1 heparin-binding properties and its
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absence from systemic circulation, at least in our assays, clearly need to be considered

when studying its function, therapeutic application and suitability as a biomarker.

In summary, our data provide compelling evidence that hepatic Gremlin-1 is not a

suitable target for antifibrotic therapies in MASH-induced liver fibrosis. However, this

does not preclude a role for Gremlin-1 in other liver diseases, and biliary fibrosis in

particular. Furthermore, mounting evidence suggests that Gremlin-1 has a role in

carcinogenesis and future studies will have to define its role in HCC development. Not

least, the role of Gremlin-1 in adipose tissue is well established and targeting visceral

adipose rather than hepatic Gremlin-1 might be a more promising target in MASH.

More research is needed though, to confirm a link between adipose Gremlin-1, hepatic

inflammation and fibrosis.
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GREMLIN-1 IN HEPATIC SINUSOIDAL ENDOTHELIAL

CELLS AND MONOCYTE-DERIVED MACROPHAGES

5.1 Introduction

In the previous two chapters we explored the expression pattern of Gremlin-1 in liver

fibrosis and the impact of increased Gremlin-1 or antibody-mediated neutralisation of

the protein on the activation of hepatic matrix-producing cells in vitro and on liver fibrosis

in vivo and ex vivo. While chronic liver injury and inflammation are the culmination of

the activation of hepatic stellate cells driving liver fibrosis, this process is preceded by

the activation of endothelial cells, leukocyte recruitment and activation of inflammatory

cells, such as proinflammatory monocytes which drive liver pathology.

Gremlin-1 has been described as an angiogenic factor acting through agonism of

vascular endothelial growth factor receptor 2 (VEGFR2) on endothelial cells [163, 165],

a process dependent on the heparin-binding properties of Gremlin-1 [165]. One study

also found that Gremlin-1 can directly induce endothelial cell activation and leukocyte

extravasation through VEGFR2-induced cAMP response element-binding protein

(CREB) signalling [277]. Bone morphogenetic proteins (BMPs) are also involved in
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the activation of endothelial cells and can directly upregulate adhesion molecules such

as intercellular adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule

1 (VCAM1) [144]. While Gremlin-1 is upregulated in endothelial cells under control

of the transcription factor CREB, it was expressed at very low levels in primary

human hepatic sinusoidal endothelial cell (HSEC) according to our own findings (see

Chapter 3). Platelets, which play an important role in inflammatory processes in

atherosclerosis, contain Gremlin-1 and release their cargo upon degranulation [1κ1].

Platelets also accumulate in the injured liver and are implicated in the progression of

MASLD [7κ, 7λ] and therefore could serve as a source of Gremlin-1 protein in liver

endothelial cell activation.

Platelet-derived Gremlin-1 has also been found to promote monocyte migration,

adhesion and survival and differentiation to macrophages by inhibiting monocyte

migration inhibitory factor (MIF) [1κ1]. Evidence is contradictory though, as previously

the same group found that, also by acting through inhibition of MIF, Gremlin-1 can

suppress adhesion and induce apoptosis of monocytes [27κ]. Gremlin-1 is also highly

expressed in macrophages localised to the atherosclerotic plaque, and in this context

has been identified as a negative modulator of macrophage differentiation and plaque

formation [27λ].

The direct role of Gremlin-1 in liver endothelial cell and monocyte-derived macrophages

(MoMF) activation has not been studied to date and Figure 5.1 illustrates the proposed

role of Gremlin-1 in inflammatory cell recruitment and differentiation. In this chapter,

we aimed to explore the impact of Gremlin-1 on endothelial cell activation and the

expression of GREM1 in MoMF in order to assess whether - in the absence of a direct
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effect on liver fibrosis - Gremlin-1 might be involved in earlier inflammatory processes.

For this purpose we performed RTqPCR and cell-based ELISA for ICAM1 and VCAM1,

flow-based adhesion assays on primary human HSEC treated with recombinant human

Gremlin-1 or platelet-derived supernatants. We also screened public RNA sequencing

databases of MoMF of different differentiation for changes in Gremlin-1 expression and

sought to validate these findings using RTqPCR on in vitro differentiated MoMF.

Figure 5.1: Proposed role of Gremlin-1 in inflammatory cell interaction. Gremlin-
1 can be released from activated platelets, along other proteins such as BMPs, TGFβ
MIF or VEGF. We proposed that Gremlin-1 derived from platelets, inflammatory cells
or activated HSCs is involved in endothelial cell activation, leukocyte recruitment and
inflammatory macrophage differentiation.
Abbreviationsμ BMP - bone morphogenetic protein, HSC - hepatic stellate cell, MIF -
monocyte migration inhibitory factor, MoMF - monocyte-derived macrophages, TGFβ -
transforming growth factor beta, VEGF - vascular endothelial growth factor.
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5.2 Results

5.2.1 Endothelial cell activation

Flow-based adhesion assays

Endothelial activation is an important step in the fibrotic cascade in chronic liver

disease. Activated endothelial cells upregulate adhesion molecules, such as ICAM1

and VCAM1, which play an important role in transendothelial migration of infiltrating

leukocytes. To study the effects of Gremlin-1 on leukocyte adhesion and transmigration

on endothelial cells, we employed flow-based adhesion assays. HSEC were seeded

in 6-well Ibidi slides and were pre-treated with recombinant human Gremlin-1 before

stimulation with tumor necrosis factor alpha (TNFα). TNFα treatment strongly and

significantly increased the total number of adherent, activated and migrated cells while

Gremlin-1 was without effect (p=4.4x10-4 and p=0.λλ, respectively, Figure 5.2A).

TNFα also led to a shift in the cell state of recorded peripheral blood mononuclear

cells (PBMC) with an increase in the proportion of rolling and adherent cells, while the

proportion of activated cells was decreased (Figure 5.2B). Figure 5.3 illustrates cell

number differences and different types of adhesion in flow-adhesion assays.
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Figure 5.2: Flow-based adhesion assay on HSEC in response to rhGremlin-1.
HSECwere seeded in 6-well Ibidi slides and grown until κ0% confluent. Cells were then
treated with 0, 0.2 or 2 µg/mL rhGremlin-1 and incubated for 24 hours before running
the flow-based adhesion assay with PBMC. A. Total number of cells that adhered to
the HSEC monolayer, following treatment with Gremlin-1 alone or co-treatment with
TNFα for the final 6 hours. Data are given as single data points (each representing an
individual HSEC experiment with ten fields of view recorded). B. Percentage of cells
classified by type of adhesion.
Abbreviationsμ TNF - tumour necrosis factor.

Figure 5.3: Representative images from flow-based adhesion assays on untreated
(left) and treated (right) HSEC. Arrows indicate types of leukocyte adhesionμ -
adherent, - activated, - migrated.
Abbreviationsμ TNF - tumour necrosis factor.
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Expression of adhesion molecules

As treatment with recombinant human Gremlin-1 had no effect on leukocyte adhesion

in flow-based adhesion assays, we used lentiviral overexpression of GREM1 to check

for an effect on endothelial adhesion molecule expression, using the same methods as

shown in Section 4.2.1.

On the protein level, GREM1 overexpression had no significant effect on the expression

of either ICAM1 or VCAM1 in cell-based enzyme-linked immunosorbent assay (ELISA)

(p=0.2λ3 and p=0.713, respectively, Figure 5.4). Similarly on themRNA level,GREM1

overexpression was without effect on ICAM1 and VCAM1 expression (p=0.35κ and

p=0.723, respectively), while TNFα significantly upregulated both ICAM1 and VCAM1

(p=0.02κ and p=0.016, respectively, Figure 5.5).

Figure 5.4: Cell-based ELISA for A. ICAM1 and B. VCAM1 on TNFα-stimulated
primary HSEC upon lentiviral transduction. ICAM1 and VCAM1 were not detectable
on HSEC without TNFα stimulation and corresponding data therefore not shown. Data
are given as individual data points (each representing an individual HSEC sample
measured in duplicate). Lines connect datapoints from paired data, i.e. samples from
the same donor. Differences were not significant using paired two-sided Student’s t-
test.
Abbreviationsμ GFP - green fluorescent protein, GREM1 - Gremlin-1, ICAM1 -
intercellular adhesion molecule 1, VCAM1 - vascular cell adhesion molecule 1.
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Figure 5.5: RTqPCR for ICAM1 and VCAM1 on primary HSEC upon lentiviral
transduction. Data are given as individual data points (each representing an
independent HSEC experiment measured in duplicate). Lines connect datapoints from
paired data, i.e. samples from the same donor. Statistical testing between GREM1
(red) and GFP (blue) overexpressors was omitted due to small sample size of n=2.
Abbreviationsμ Contr - vehicle control, ICAM1 - intercellular adhesion molecule 1,
TNF10 - TNFα stimulation (10 ng/mL), VCAM1 - vascular cell adhesion molecule 1

5.2.2 Platelet-derived Gremlin-1 and its effect on endothelial cell activation

We did not find evidence that recombinant Gremlin-1 or lentiviral overexpression of

GREM1 had any considerable effect on HSEC activation, measured by flow-based

adhesion assays and mRNA and protein expression of adhesion molecules ICAM1

and VCAM1. As the effects of Gremlin-1 depend on the presence of other soluble

factors, in particular BMPs, we sought to study a more complex system that provides

Gremlin-1 in addition to BMPs. Previously, it has been shown that platelets are

involved in MASH pathophysiology [7λ] and carry Gremlin-1, TGFβ1 and BMPs, which

can be released upon platelet activation [1κ1, 2κ0, 2κ1]. Therefore, in the following

study, we established a protocol to generate Gremlin-1-containing supernatants from

activated platelets for stimulating HSEC in flow-based adhesion assays. To this

end, we used platelets isolated from patient blood and stimulated these with well
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known activators of platelet adhesion and granule secretion - namely thrombin (Thr),

adenosine-diphosphate (ADP) and arachidonic acid (AA). Platelet activation leads to

degranulation with release of alpha granule content, including Gremlin-1, BMPs and

platelet factor 4 (PF4, CXCL4). Furthermore, platelet degranulation also leads to the

surface exposure of the alpha granule protein P-selectin (CD62P), which therefore can

be used as a marker for platelet activation in flow cytometry [2κ2].

Platelet activation and Gremlin-1 release

First, we isolated platelets from citrate-anticoagulated patient blood using selective

centrifugation (see Section 2.2.5, page 47). Subsequently, to find the optimum

condition for platelet activation and Gremlin-1 release, platelet suspensions were

treated with Thr, ADP or AA at different concentrations for 5, 15 or 30 minutes. After

stimulation platelets were sampled, fixed in paraformaldehyde (PFA) and underwent

flow cytometry for the general platelet marker CD41 and the platelet activation marker

CD62P. Platelet suspensions were also centrifuged at 4°C and supernatants stored at

-κ0°C for subsequent analysis of soluble factors. Figure 5.6 shows the gating strategy

for measuring the mean fluorescence intensity (MFI) for CD62P of all CD41-positive

platelets.

Figure 5.7 shows the platelet activation response to different stimulation conditions. As

can be seen in Figure 5.7A, Thr and AA but not ADP at low and high concentrations led

to a significant increase in surface expression of the platelet activation marker CD62P

(Thr 1U/mLμ p=κ.2x10-13, Thr 5U/mLμ p=κ.2x10-13, ADP 3µM and 10µMμ p=1.0, AA

100µMμ p=4.κx10-4 and AA 500µMμ p=κ.3x10-13). This translated into an increased
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Figure 5.6: Gating strategy for platelet flow cytometry. A All events were
recorded and B singlets selected based on Forward Scatter (FSC)-Pulse Width Plots.
Fluorescence-minus-one (FMO) controls were used to set gates on C CD41+ and D
CD62P+ events. CD62+ platelets were gated on CD41+ cells only
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abundance of the protein CXCL4/platelet factor 4 in supernatants in thrombin-treated

platelets only (Thr 1U/mLμ p=5.1x10-4, Thr 5U/mLμ p=3.2x10-3, all other p>0.κλ,

Figure 5.7). For both CD62P and CXCL4, there was no significant effect of the duration

of stimulation in Two-Way ANOVA.

Figure 5.7: Platelet activation markers after stimulation of platelets. Platelets were
stimulated with either buffer, Thrombin (Thr), ADP or arachidonic acid (AA) for 5, 10 or
15 minutes. A. Fold change of mean fluorescence intensity for CD62P staining in flow
cytometry. B. CXCL4 protein concentration in platelet supernatants as measured by
ELISA. Data are given asmean±SD and single data points for n=3 biological replicates
measured in duplicate.
Abbreviationsμ AA - arachidonic acid, ADP - adenosine-diphosphate, CXCL4 - C-X-C
motif ligand 4, Thr - thrombin.
**p<0.01, ***p<0.001 compared to Buffer using Two-Way ANOVA and post-hoc Tukey
HSD.

Gremlin-1 can be released from α-granules upon platelet activation. Figure 5.κ

shows results of Gremlin-1 concentrations in platelet supernatants as measured by

commercially available ELISA. In line with the increased release of CXCL4 in response

to thrombin, thrombin at low and high concentrations led to a significant increase in

Gremlin-1 concentration (Thr 1U/mLμ p=0.001κ, Thr 5U/mLμ p=0.0015). While AA
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led to numerical increase in Gremlin-1 concentration, this did not reach statistical

significance (AA 100µMμ p=0.31, AA 500µMμ p=0.46). We observed no effect of

ADP on Gremlin-1 release from platelets (both p=1.0). As for CXCL4 release, the

duration of stimulation had no effect on Gremlin-1 release in Two-Way ANOVA.

Figure 5.8: Gremlin-1 concentration in platelet supernatants after stimulation with
buffer, Thrombin (Thr), ADP or arachidonic acid (AA) for 5, 10 or 15 minutes. Gremlin-1
concentrations were determined by ELISA. Data are given as mean±SD and single
data points for n=3 biological replicates measured in duplicate.
Abbreviationsμ AA - arachidonic acid, ADP - adenosine-diphosphate, Thr - thrombin.
**p<0.01, ***p<0.001 compared to Buffer using Two-Way ANOVA and post-hoc Tukey
HSD.

Effect of platelet-derived Gremlin-1 on flow-based adhesion

Based on the results on platelet activation and Gremlin-1 release, we selected activated

platelet supernatant (aPS) from thrombin 1U/mL stimulated platelets for subsequent

flow-based adhesion assays and used buffer-stimulated supernatants (unstimulated

platelet supernatant, uPS) as a control. Flow-based adhesion assays were performed

as described above, treating HSEC for 24 hours with aPS or uPS 1μ1 diluted in serum-

and VEGF-free HSEC culture medium supplemented with 0.1% bovine serum albumin
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(BSA). Figure 5.λ shows the results for two independent experiments using PBMCs

from two different donors (experiment 1 and 2) and three independently generated

aPS/uPS. Stimulation with aPS led to a slight, but non-significant increase in the number

of adherent and transmigrating cells (p=0.077, Figure 5.λA). This did not translate

into any apparent shift in the proportion of rolling, adherent, activated or migrated cells

(Figure 5.λB).

Figure 5.9: Flow-based adhesion assay on HSEC in response to activated platelet
supernatant.
HSECwere seeded in 6-well Ibidi slides and grown until κ0% confluent. Cells were then
treated with unstimulated platelet supernatant (uPS) or activated platelet supernatant
(aPS) and incubated for 24 hours before running the flow-based adhesion assay with
PBMC. The graphs represent two independent experiments (1 and 2) using PBMCs
from different healthy volunteer donors. Each experiment was done using uPS and
aPS generated from three independent donors. A. Total number of cells that adhered
to the HSEC monolayer, depending on treatment with uPS or aPS. Data are given as
single data points (each representing a different PBMC sample with ten fields of view
recorded) and lines connecting paired data. B. Percentage of cells by type of adhesion.

5.2.3 Monocyte-derived macrophages

Next, we wanted to explore changes ofGREM1 expression in macrophages, which play

an important role in liver fibrogenesis. Macrophages have previously been described

to express Gremlin-1 and we hypothesised that Gremlin-1 might be able to shape
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macrophage phenotype and function. All work on public macrophage RNA sequencing

datasets was performed as part of the Bachelor dissertation project of Vanessa Poon,

who was jointly supervised by Dr Chris Weston and the author. Searching public data

repositories, we identified seven datasets on monocyte-derived macrophages, that

were stimulated with a range of cytokines, reflecting different macrophage phenotypes.

Table 5.1 gives an overview of all datasets, the method of macrophage generation and

stimulations used for cell differentiation.

The datasets were quite heterogeneous in that they used different methods for

monocyte isolation, macrophage differentiation and experimental setup as well as

sequencing platforms. Some authors used magnetic bead selection based on CD14

surface expression, either using MACS sorting or the commercial clinical-grade

CliniMACS LP-14 Mo-DC system. Others used simple adhesion of PBMCs to plastic

to select for adhering monocytes while one study did not disclose at all the exact

method used for monocyte generation. All studies but one used M-CSF-substituted

medium over two to seven days for macrophage differentiation, while the other study

used human serum instead. Treatment conditions included lipopolysaccharide (LPS),

LPS+interferon gamma (IFNγ) and interleukin 4 (IL-4). Notably, timing of differentiation

treatment differed substantially between studies. While some authors added treatment

conditions from the start of macrophage differentiation, others did so only at the end of

macrophage stimulation.

In order to get an overview of the similarity of different datasets, we performed

correlation analyses between the expression matrices, which are displayed in

Figure 5.10. As expected, datasets from LPS, IFNγ and LPS+IFNγ-treated
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Table 5.1: Overview of macrophage transcriptome datasets

Accession cell source differentation treatments platform

GSEλκ36κ [2κ3] CD14 MACS M-CSF 2d IFNy 2d* Illumina HiSeq 2000
GSE1003κ2 [2κ4] CD14 MACS M-CSF# LPS 3h Illumina HiSeq 2000
GSE123603 [2κ5] not described human serum 7d IL4 24h Illumina NextSeq 500
GSE135753 [2κ6] PBMC adhesion M-CSF# LPS 6h Illumina NextSeq 500
GSE132732 [2κ7] PBMC adhesion M-CSF 2d IL4 4κh* Illumina NextSeq 500
GSE14602κ [2κκ] LP14 process M-CSF 7d IFNy+LPS, IL4 24h* Illumina HiSeq 4000
GSE163165 [2κλ] CD14 MACS M-CSF 7d LPS 24h Illumina HiSeq 2500

Abbreviationsμ IL4 - interleukin 4, IFNγ - interferon gamma, LPS - lipopolysaccharide, M-CSF - macrophage colony-stimulating factor
* treatment simultaneous with M-CSF stimulation, # no differentiation time given

macrophages were similar to each other and clustered together, while datasets

from IL-4-treated MoMF clustered separately.

Figure 5.10: Correlation plot of public monocyte-derived macrophage RNAseq
datasets. Pearson’s correlation coefficients comparing different RNA sequencing
datasets are indicated by circle size and colour and datasets are clustered by correlation
coefficients based on complete hierarchical clustering.
Abbreviationsμ IFNγ - interferon gamma, IL4 - interleukin 4, LPS - lipopolysaccharide.

Next, we identified the top 2000 differentially regulated genes (DEGs) across all

datasets, based on adjusted p-values obtained through the DESeq2 pipeline. These
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genes were then clustered based on their log2-fold changes across datasets and

gene set over-representation tests were performed for each cluster separately. The

log2-fold changes and high-level function annotations for each cluster are given in

Figure 5.11. LPS and IFNγ-treated cells showed gene expression changes enriched

for pro-inflammatory pathways, in particular complement activation, IFNγ / LPS

signalling and general macrophage activation, while genes relating to autophagy,

metabolic regulation, leukocyte differentiation, extracellular matrix organisation and

ERK1/2 signalling were downregulated. In contrast, IL4 stimulation led to only very

small changes in gene expression that did not seem to correspond to any of the above

mentioned pathways.

As we were mainly interested in gene expression changes relating to BMP signalling,

we selected BMP-related genes and their log2-fold changes are shown in Figure 5.12. In

addition to differential gene expression analysis for single data sets, results from LPS

and IL-4-treated cells were summarised in a meta-analysis using the Fisher method

and inverse normal method of p-value combination. Results of the meta-analysis are

given on the right-hand side next to the heatmap in Figure 5.12. Only a few genes

were consistently regulated with either LPS or IL-4 treatment. In LPS-treated cells,

the activin gene INHBA was most strongly upregulated, followed by GREM1, which

interestingly was downregulated upon LPS+IFNγ combination treatment. Additional

upregulated genes included BMP2, the BMP-antagonist neuroblastoma 1, DAN family

BMP antagonist (NBL1), bone morphogenetic protein receptor 2 (BMPR2) and the

SMADs 4 and 7. Only two genes were consistently upregulated with IL-4 treatmentμ

SMAD7 and the activin and BMP antagonist follistatin (FST).
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Figure 5.11: Top 2000 differentially expressed genes (DEGs) in macrophage
RNAseq - Heatmap and over-representation analysis. Based on adjusted p-values
we identified the top 2000 DEGs across all datasets. Genes are displayed in a
heatmap with colours indicating log2-fold changes. Genes were clustered usingWard D
hierarchical clustering (clusters indicated on the left) and gene set over-representation
analysis (ORA) was performed on each cluster separately. The top enriched terms
from ORA are annotated on the right hand side.
Abbreviationsμ ECM - extracellular matrix, ERK - extracellular signal-regulated kinase,
IFNγ - interferon gamma, IL4 - interleukin 4, LPS - lipopolysaccharide.
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Figure 5.12: Heatmap of BMP-related genes in monocyte-derived macrophages.
Log2-fold changes of BMP-related genes are colour-coded and significance in DESeq2
differential gene expression analysis indicated with asterisks. The two columns on
the right indicate significance levels in differential gene expression meta-analysis
obtained from p-value combination using the Fisher and inverse normal method in the
metaRNAseq package.
Abbreviationsμ IFNγ - interferon gamma, IL4 - interleukin 4, LPS - lipopolysaccharide.
*p<0.05, **p<0.01, ***p<0.001 using Wald test in DESeq2
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In order to validate increased expression in monocyte-derived macrophages upon

pro-inflammatory stimulation with LPS and decreased expression upon combination

treatment with LPS+IFNγ, we isolated PBMC-derived monocytes. Monocytes were

differentiated into macrophages by stimulation with M-CSF for five days and were

subsequently treated with LPS, LPS+IFNγ or IL-4 in the presence of M-CSF for an

additional 4κ hours. RTqPCR results of pro- and anti-inflammatory marker genes and

for GREM1 are given in Figure 5.13. Pro-inflammatory marker genes CXCL10 and

IRF1 were consistently upregulated with LPS treatment, while the anti-inflammatory

marker gene CD163 was downregulated with both LPS+IFNγ and IL-4 stimulation.

MRC1, another anti-inflammatory marker gene slightly decreased with LPS and fell

more distinctly with LPS+IFNγ treatment. MRC1 was however not regulated with IL-4

stimulation. GREM1 was not regulated with any of the treatment condition. As we

did not see any changes of GREM1 in the first two sets of experiments we omitted

statistical testing and any additional experiments on monocyte-derived macrophages.
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Figure 5.13: RTqPCR for macrophage phenotype markers on primary PBMC-
derived macrophages. PBMC-derived monocytes, obtained through adhesion to
plastic culture plates, were differentiated into macrophages by stimulating with 5 ng/mL
M-CSF over five days, and subsequently were stimulated with either LPS, IFNγ, IL-
4 or vehicle control for 4κ hours. Data are given as individual data points of n = 2
primary MoMF measured in duplicate and colour-coded bars represent the mean for
each treatment condition.
Abbreviationsμ CXCL10 - C-X-C motif ligand 10, IRF1 - interferon regulatory factor
1, IFNγ - interferon gamma, IL4 - interleukin 4, MRC1 - mannose receptor C-type 1,
GREM1 - gremlin-1, LPS - lipopolysaccharide.
Statistical testing was omitted due to small sample size of n = 2.
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5.3 Discussion

Endothelial cell activation and infiltration of inflammatory monocytes and their

differentiation to monocyte-derived macrophages are important steps in the

inflammation cascade in chronic liver diseases and are linked to the progression of

liver fibrosis [2λ0]. So far, research on hepatic Gremlin-1 was mainly limited to studies

on the effects on HSC activation as discussed in previous chapters, and its role on

hepatic sinusoidal endothelium or in hepatic MoMF (monocyte-derived macrophages)

has not been investigated yet. In this chapter, we show that recombinant human

Gremlin-1 had no effect on leukocyte adhesion to HSEC or on adhesion molecule

expression. Furthermore we confirmed the release of low quantities of Gremlin-1

from activated platelets but found no considerable effects of platelet supernatants on

flow-based adhesion assays. Analyses from publicly available MoMF RNA sequencing

datasets suggested a differential regulation of Gremlin-1 by LPS and IFNγ which were

not reproducible in our own in vitro assays.

Although there is no literature available on Gremlin-1 effects on hepatic endothelium,

previous research on BMP-signalling in the liver and on Gremlin-1 and BMPs on

extrahepatic endothelial cells suggested an involvement in endothelial cell activation.

Gremlin-1 can be upregulated in stressed endothelial cells. This has been shown

in pulmonary artery endothelial cells, where hypoxia leads to the upregulation of

Gremlin-1 expression mediated by the transcription factor CREB [2λ1]. Gremlin-1

can act directly on endothelial cells by activating VEGFR2, which induces angiogenic

responses [163, 165]. This process seems to be dependent on the dimerisation
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of Gremlin-1, as VEGFR2 antagonistic effects have been described for monomeric

forms of Gremlin-1 [162]. By activating the VEGFR2-CREB axis, Gremlin-1 can

directly promote the inflammatory activation of endothelial cells in vitro, resulting in the

production of inflammatory chemokines and upregulation of adhesionmolecules ICAM1

and VCAM1 [277]. Studies on kidney inflammation further support an involvement of

Gremlin-1 in inflammatory processes through endothelial cell activationμ Gremlin-1

elicits inflammatory responses in the kidney, including infiltration of leukocytes and

expression of inflammatory cytokines, which are abrogated by VEGFR2 kinase

inhibition or blockade of the Notch pathway [2λ2].

Furthermore, Gremlin-1 is best known as a BMP antagonist and existing evidence

suggests a role of BMPs in endothelial activation. BMP2 is a driver of angiogenesis

in hepatocellular carcinoma [2λ3] and can act as an activator of HSEC [143]. In

extrahepatic vascular endothelium, BMP2 promotes leukocyte adhesion in vivo,

which was inhibited by the synthetic BMP antagonist dorsomorphin [144]. Also,

siRNA-mediated knockdown of the BMP-regulator BMP binding endothelial regulator

(BMPER) led to an upregulation of VCAM1 and ICAM1 in human umbilical vein

endothelial cells (HUVECs) and increased leukocyte adhesion in vitro and in vivo,

effects that were abrogated by adding the BMP antagonist Noggin [144]. Not least,

vascular smooth muscle cell-derived BMP2 and 4 can drive monocyte chemotaxis

through the activation of the BMP receptor BMPR2 [2λ4]. Despite this wealth of

evidence suggesting a role for Gremlin-1 in immune cell recruitment we found no

effect of recombinant human Gremlin-1 on HSEC activation or leukocyte adhesion

in vitro. While we did not further investigate the reasons for the lack of an effect in
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light of negative data on liver inflammation presented in the previous chapter, we

can speculate on a number of reasons for these unexpected results. As discussed

above, Gremlin-1 can have different effects on endothelial cells, depending on the

pathways involvedμ mostly pro-inflammatory by activating VEGFR2 or potentially anti-

inflammatory by blocking the endothelial cell-activating effects of BMPs. Therefore,

on HSEC these could cancel out, leading to a net absence of an effect or a minimal

effect that our assays are not sufficiently sensitive to detect. Furthermore, the micro

milieu in monolayer cell culture is not representative of the hepatic inflammatory

microenvironment, meaning that specific factors necessary for a Gremlin-1 effect,

such as BMP might be insufficiently provided, or the use of allogeneic blood and

endothelium masks any effect. In addition, the anti-CD31 antibody used for isolation of

primary HSEC is not specific to sinusoidal endothelium. Therefore, our HSEC culture

likely represents a mix of vascular and sinusoidal endothelial cells and while we did

not specifically test for the heterogeneity of primary cultures the composition may well

have biased our results. Not least, the effect on VEGFR2 is still under ongoing debate

and a recent report found no effect of recombinant Gremlin-1 on VEGFR2 signalling

activity [2λ5].

Platelets are a relevant contributor to liver inflammation and disease progression [κ1],

and recent literature in particular found protective effects of anti-platelet treatments

against steatohepatitis and hepato-carcinogenesis in MASLD [7λ]. Gremlin-1 can be

released from platelets and seems to be functionally active onmonocytes bymodulating

their proliferation, differentiation and function [1κ1]. Platelets can be easily activated

upon handling in the laboratory and we therefore used an established protocol for
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the isolation and clean-up of platelets using heparin and prostaglandin I2 (PGI2) for

preventing their premature activation [212]. This provided us with clean and inactive

platelet suspensions, which easily activated and degranulated upon treatment with

thrombin or high doses of arachidonic acid, known platelet activators [2λ6]. This was

evidenced by increased P-selectin (CD62P) surface expression and release of CXCL4

into the supernatant, which are hallmark marker proteins of platelet α-granules [2κ2].

Surprisingly though, we were not able to induce platelet degranulation with ADP at 2

or 10 µM concentrations. ADP is considered a weak platelet activator, whose main

role is in co-activation of other signals, including thrombin and arachidonic acid [2λ7].

Therefore, it would be plausible that ADP at the concentrations used here and without

co-stimulation did not result in α-granule release. Still, with thrombin and arachidonic

acid we found two stimulants that resulted in adequate α-granule degranulation for

generating supernatants from activated platelets.

Platelets contain three different types of granulesμ α-granules, which contain

coagulation factors, cytokines, chemokines, growth factors, including TGFβ1,

PDGF and BMPs, dense granules containing nucleotides, biogenic amines such as

catecholamines and serotonin, and lysosomes which mainly contain lytic enzymes

[2κ0, 2λκ]. Therefore, they should contain a mixture of different proteins related to

BMP-signalling, including Gremlin-1. Using commercially available ELISA, we found

that stimulation with thrombin at low and high concentrations led to a potent release

of Gremlin-1 into the culture medium, whereas this was not significant for stimulation

with arachidonic acid. Therefore, we used thrombin-stimulated platelet supernatants

for the subsequent flow-based adhesion experiments. Treatment with aPS led only to
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a slight and non-significant increase in leukocyte adherence. For several reasons we

omitted further follow up on this angle of research into Gremlin-1μ The concentration

of Gremlin-1 detected in aPS was very low and as reported in the literature, platelet

BMP content can differ substantially between donors [2κ0]. Although we did not check

for abundance of BMP proteins in aPS, we feel that any potential effect of Gremlin-1

and BMPs would only partially account for the increase in leukocyte adherence and

thus the number of replicates would be too large to be feasible when using primary

human cells. Notably though, evidence generated by our group showed that treating

HSEC with intact platelets results in increased recruitment of leukocytes in flow-based

adhesion assays [7κ], which suggests that platelets provide additional signals not

related to their vesicle content that might be important for endothelial cell activation.

Therefore, using intact platelets instead of their supernatants might have yielded

different results.

Although evidence is scarce, literature points towards a role of Gremlin-1 in monocyte

differentiation and macrophage polarisation. An as yet non peer-review published

meeting abstract suggests that Gremlin-1 can be upregulated in response to hypoxia

in alveolar macrophages [2λλ] and another report indicated that Gremlin-1 is secreted

by macrophages in atherosclerotic plaques [27κ]. Gremlin-1 has been described as a

regulator of monocyte survival and macrophage differentiation mainly via modulation

of MIF [27κ]. Levels of Gremlin-1 correlate with the severity of coronary disease [1κ2]

and through inhibition of MIF reduces macrophage differentiation in atherosclerotic

plaques in ApoE-/- mice [27κ]. In addition, BMPs 4 and 7 have been shown to drive

anti-inflammatory M2-like differentiation of macrophages [300, 301], and thus by
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inhibition of BMP-signalling Gremlin-1 could potentially promote an inflammatory

M1-like phenotype. In line with these published results of upregulated Gremlin-1 in

activated macrophages, we found increased Gremlin-1 mRNA expression in public

RNA sequencing datasets of MoMF stimulated with LPS. Interestingly, Gremlin-1

mRNA was downregulated in MoMF treated with a combination of LPS and IFNγ,

although in over-representation tests, this combination treatment led to a similar

inflammatory regulation compared to LPS alone. Still, surprisingly, we could not

reproduce these findings in our own in vitro culture system of primary human MoMF.

Neither LPS, nor LPS plus IFNγ or IL4 had any appreciable effect on Gremlin-1 mRNA

expression in differentiated macrophages. This may have arisen due to differences

in monocyte isolation (adherence of PBMCs to plastic vs CD14 magnetic sorting)

and monocyte-to-macrophage differentiation protocols, e.g. duration of treatment

with M-CSF might have contributed to heterogeneous results. In addition, the type of

cell donor might have had an impact, with healthy volunteers used in the literature,

whereas we used blood from patients with haemochromatosis, who tend to be older

and may have underlying significant liver disease. Eventually, in light of negative

findings on liver inflammation in response to Gremlin-1 in the previous chapter, we

decided to discontinue the work on Gremlin-1 in macrophages.

In summary, in line with negative results from the previous chapter, we found no

evidence of a role for Gremlin-1 in driving liver inflammation. Still, as evidence from

the literature suggests that Gremlin-1 can shape endothelial cell and macrophage

phenotypes, more in-depth research might reveal some role of Gremlin-1 in liver
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biology, maybe in more complex multi-cellular study systems such as organ-on-a-chip

models or in different contexts than chronic inflammatory and fibrotic liver disease.
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CHAPTER 6

LIVER FIBROSIS AND HEPATIC STELLATE CELL RNA

SEQUENCING DATA IDENTIFY FSTL3 A POTENTIAL

DRIVER OF LIVER DISEASE

6.1 Introduction

The main aim of this thesis was to study the effects of Gremlin-1 on liver fibrosis

progression in MASH and its potential as a therapeutic target. As shown in

the previous three chapters, we found no effect when targeting Gremlin-1 using

neutralising antibodies, recombinant Gremlin-1 protein or lentiviral overexpression

vectors. In light of the negative data on Gremlin-1, we next sought to identify other

potential therapeutic targets related to the BMP signalling pathway.

Next generation sequencing technologies offer the opportunity to study large scale

transcriptional changes in a variety of physiological and disease conditions [252]. Unlike

classical gene expression technologies, such as RTqPCR, RNA sequencing detects all

expressed gene transcripts and therefore is not limited to the study of predefined targets

or pathways. It is now widely accepted that upon publication omics data (including RNA
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sequencing - transcriptomics) should be made available on public servers for others

to re-analyse (e.g. gene expression omnibus (GEO) [225], ArrayExpress[227] or the

European Nucleotide Archive [226]). Therefore, if sufficient publicly available data on

the condition of interest exists, the analysis of such transcriptome datasets can serve

as a screening tool to identify potential novel markers or therapeutic targets. Others

have already applied this strategy to their work on MASLD and MASH, facilitating the

identification of gene signatures of disease or markers of disease progression [302,

303]

In this chapter, by analysing publicly available RNA sequencing datasets from human

liver disease and TGFβ-treated primary hepatic stellate cells (HSCs) we sought to

identify potential HSC-derived drivers of liver fibrosis. Using this approach we identified

the Activin A antagonist follistatin-like 3 (FSTL3) as commonly upregulated in human

liver fibrosis of different aetiologies and in HSCs treated with TGFβ. Subsequently,

by employing siRNA knockdown of FSTL3 in cell culture models of HSC activation and

hepatocellular steatosis, we validated a potential role of FSTL3 in the activation of HSCs

and hepatocellular lipid accumulation.
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6.2 Results

6.2.1 Liver fibrosis transcriptome data

As a first step, we aimed to study transcriptional changes with increasing stages of

fibrosis across a spectrum of different aetiologies of chronic liver diseases. Searching

public data repositories, we identified four datasets, comprising data from a total of

330 patients with either MASLD/MASH or viral hepatitis (Table 6.1). Unfortunately,

no data from alcohol-related, autoimmune or cholestatic liver disease fulfilling our

search criteria were available. Two of the datasets were generated using bulk RNA

sequencing (GSE130λ70 and E-MTAB-6κ63) and the other two using Affymetrix gene

expression microarrays (GSE4κ452 and GSEκ4κ44). Patients in the MASLD/MASH

studies were slightly older and much more likely to be female than patients in the

chronic viral hepatitis datasets (Table 6.1). The number of patients with advanced

stages of fibrosis, i.e. fibrosis stage 3 or 4, was highly variable across datasets,

ranging from 5.4 to 42 percent.

Table 6.1: Overview of human liver fibrosis transcriptome datasets

Accession disease platform patients (n) age (mean±SD) % female % F3/4

GSE4κ452 [304] MASH Affymetrix 1.1 ST
Array

73 46±12 7λ.6 5.4

GSE130λ70 [305] MASH Illumina
HiSeq 2500

7κ 50±12 61.5 20.5

GSEκ4κ44 [306] HBV Affymetrix U133
Plus 2.0 Array

124 43±12 2λ.0 22.6

E-MTAB-6κ63 [307] HCV Illumina
NextSeq 500

55 44±11 2λ.1 42

Abbreviationsμ HBV/HCV - hepatitis B/C virus, MASH - metabolic dysfunction-associated steatohepatitis
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Next, we performed differential gene expression analysis by ordinal regression for each

dataset separately. The stage of fibrosis served as the dependent ordinal variable and

the variance-stabilized expression values for each gene as the independent variable.

The regression model was adjusted for sex as a potential confounder. Figure 6.1

summarises the differential gene expression results and overlap between the datasets

in an upset plot. Overall, overlap between datasets was very low, with only 6λ genes

being up- and 4 genes being down-regulated in all four studies and most genes were

not shared across different datasets.

Figure 6.1: Upset plots for differentially expressed genes in human liver fibrosis
datasets. Upregulated genes are given on the left and downregulated genes on the
right-hand panel. The horizontal bar plots on the right side of each panel represent the
total number of up- or downregulated genes per dataset and the vertical bar plot on the
top gives the size of the overlap between different combinations of datasets, with the
combinations being indicated by black connected lines in the bottom half of the plot.

Figure 6.2 visualises the batch-corrected and row-centred gene expression values

for the 73 overlapping genes in a heatmap. Overall, based on gene expression, the
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clustering of patients was in good accordance with the stage of fibrosis and no major

batch effects were visible between the datasets.

Figure 6.2: Heatmap of common differentially expressed genes in human liver
fibrosis. The heatmap gives colour-coded, variance-stabilised and row-centred gene
expression values on the log2 scale, where rows represent genes and columns
represent individual patients. Stage of fibrosis and dataset identities are indicated in
the top annotation and some exemplary genes are marked as row annotations.

Figure 6.3 visualises results from gene set over-representation tests on up- and

downregulated genes with liver fibrosis. Upregulated genes were enriched for gene

sets relating to synthesis and organisation of the extracellular matrix, wound healing

response and tissue regeneration, as well as response to TGFβ. Only 14 gene sets

were enriched for downregulated genes, all containing one gene only. Downregulated

gene sets mostly related to amino acid and protein metabolism.
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Figure 6.3: Treeplot showing over-representation analysis results from liver
fibrosis datasets. The top 30 (A) Up- and top 14 (B) downregulated gene sets with
increasing stages of liver fibrosis. Gene sets were clustered by similarity and the cluster
dendrogram is shown on the left. The dot size indicates the number of genes per gene
set and colour indicates the adjusted p-value in over-representation analysis.
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6.2.2 Hepatic stellate cell transcriptome data

Hepatic stellate cells are the main fibrogenic cell-type in the liver and therefore, we

aimed to identify those genes that are regulated not only in fibrotic livers but also upon

activation of stellate cells. We identified five bulk RNA sequencing datasets of HSCs

treated with TGFβ1, which are given in Table 6.2. All studies used commercially sourced

HSCs from ScienCell, with the exception of GSE11732λ, which did not disclose the

source of cells used. The TGFβ1 doses ranged from 2.5 ng/mL to 10 ng/mL, and again,

were not given for dataset GSE11732λ. Cells were generally serum-starved and then

treated with TGFβ1 for the indicated length of time.

Table 6.2: Overview of human hepatic stellate cell transcriptome datasets

Accession cell source platform treatment dose timepoints

GSE11732λ NA Illumina HiSeq 4000 TGFβ1 NA 24h, 4κh, 72h
GSE11λ047 [30κ] ScienCell Illumina HiSeq 2500 TGFβ1 2.5 ng/mL 4κh
GSE11λ606 [30λ] ScienCell Illumina HiSeq 3000 TGFβ1 10ng/mL 4κh
GSE127λ64 [310] ScienCell Illumina HiSeq 2500 TGFβ1 5ng/mL 24h
GSE12κλ40 [311] ScienCell Illumina NextSeq 500 TGFβ1 5ng/mL 24h

Abbreviationsμ TGFβ1 - transforming growth factor beta 1

Differential gene expression analysis was performed using the Wald test implemented

in the DESeq2 package and Figure 6.4 gives an overview of the number of differentially

up- and downregulated genes per dataset and the overlap between different datasets,

independent of dose and duration of TGFβ1-treatment. Overall, 2κκ up- and 225 down-

regulated genes were shared between at least four out of five datasets.
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Figure 6.4: Upset plots for differentially expressed genes in hepatic stellate cell
datasets. Upregulated genes are given on the left and downregulated genes on the
right-hand panel. The horizontal bar plots on the right side of each panel represent the
total number of up- or downregulated genes per dataset and the vertical bar plot on the
top gives the size of the overlap between different combinations of datasets, with the
combinations being indicated by black connected lines in the bottom half of the plot.

Figure 6.5 shows a heatmap visualising the row-centred gene expression values for the

overlapping genes, adjusted for batch effects across datasets. The experiments, given

in the rows, clustered well according to their treatment with TGFβ1 or control.

Figure 6.6 illustrates results from over-representation analysis on up- and downregulated

genes in HHSC datasets. Interestingly, upregulated gene sets mostly related to cell

differentiation, cell growth, protein metabolism and endoplasmic reticulum stress,

while wound regulation processes were only weakly upregulated. Downregulated

gene sets mostly related to immune processes, proliferative pathways, cell migration

and regulation of MAPK and TGFβ signalling pathways as well as organisation of the

extracellular matrix.
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Figure 6.5: Heatmap of common differentially expressed genes in hepatic stellate
cells. The heatmap gives colour-coded, variance-stabilised and row-centred gene
expression values on the log2 scale, where rows represent genes and columns
represent individual experiments. Treatment conditions and dataset identities are
indicated in the top annotation and some exemplary genes are marked as row
annotations.
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Figure 6.6: Treeplot showing over-representation analysis results from HHSC
datasets. Top 30 A. Up- and B. downregulated gene sets with TGFβ-stimulation. Gene
sets were clustered by similarity and the cluster dendrogram is shown on the left. The
dot size indicates the number of genes per gene set and colour indicates the adjusted
p-value in over-representation analysis.
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Figure 6.7 visualises the overlap of up- and downregulated genes shared between

human MASH fibrosis and primary human hepatic stellate cell (HHSC) activation.

Overall, overlap was small. Only ten upregulated gene transcripts were shared

(Figure 6.7A), while there was no overlap in downregulated genes (Figure 6.7B).

Gene symbols for overlapping genes are given below the two Venn diagrams. Among

these were genes coding for known matrix proteins (COL4A2, COL5A1, FBLN5,

LTBP2), matrix receptors (ITGBL1), a sodium-channel usually expressed on neurons

(NALCN), the glycolytic enzyme PFKP, a serine proteinase inhibitor (SERPINE1)

and UNC5B which codes for a netrin-1 receptor associated with cell growth and

apoptotic processes. Interestingly, one of the genes corresponds to follistatin-like 3

(FSTL3) which, alongside Gremlin-1, belongs to the group of BMP- and TGFβ-protein

antagonists.

Figure 6.7: Venn diagrams showing overlap between up- (A) and downregulated (B)
differentially expressed genes from human liver fibrosis datasets and primary HSC data.
Gene symbols at the bottom give the names of all overlapping genes.
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6.2.3 Increased FSTL3 in liver cirrhosis and in activated fibrogenic cells and

hepatocytes

After identification of FSTL3 as a consistently regulated target gene in MASH fibrosis

and in the activation of hepatic stellate cells, we wanted to verify these expression

changes in our own study systems and include other liver disease pathologies.

RTqPCR on human explant livers showed consistently 3.12 to 3.52-fold increased

expression of FSTL3 in MASH, alcohol-related liver disease (ArLD), primary biliary

cholangitis (PBC) and primary sclerosing cholangitis (PSC) when compared to donor

livers (all p<0.001, Figure 6.κ).
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Figure 6.8: FSTL3 gene expression by RTqPCR in tissue lysates from human liver
cirrhosis compared to donor liver. Data are given as individual data points (each
representing a different patient sample measured in duplicate) and mean -ΔΔCt ± SD,
relative to donor liver and normalised to the expression of SRSF4, HPRT1, and ERCC3.
ArLD (p=1.1x10-5), MASH (p=2.0x10-5), PBC (p=λ.λx10-5) and PSC (p=4.2x10-5).
n = 13 - 15 per group. ***p<0.001 compared to donor using One-Way ANOVA with post-
hoc Dunnett test.
Abbreviationsμ ArLD - alcohol-related liver disease, MASH - metabolic dysfunction-
associated steatohepatitis, PBC - primary biliary cholangitis, PSC - primary sclerosing
cholangitis.
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Consistent with the upregulation of FSTL3 in TGFβ1-treated primary hepatic stellate

cells in public RNA sequencing data, we found a 2.λ-fold and 3.κ-fold upregulation

of FSTL3 in LX-2 in response to 100 ng/mL Activin-A and 50U/mL TGFβ1 treatment,

respectively (Figure 6.λA, p=0.016 and p=0.00064, respectively). Similarly, INHBA

mRNA, the gene coding for Activin A which is the main target of FSTL3, was

significantly upregulated with Activin A and TGFβ1 treatment (1.5- and 2.3-fold,

Figure 6.λB, p=0.00κ and p=0.00056, respectively).

Figure 6.9: RTqPCR results for FSTL3 (A) and INHBA (B) expression in LX-2 cells
upon activation with Activin A or TGFβ1. LX-2 cells were treated with 100 ng/mL
Activin A or 50U/mL TGFβ1 for 24 h.
All data are given as individual data points (each representing an independent
experiment measured in duplicate) and mean±SD for -ΔΔCt relative to PBS control
and normalised to the expression of SRSF4, n = 4 per group.
Abbreviationsμ FSTL3 - follistatin-like 3, INHBA - inhibin βA chain, PBS - phosphate-
buffered saline, TGFβ1 - transforming growth factor beta 1.
p<0.05, **p<0.01, ***p<0.001 using One-Way ANOVA with post-hoc Dunnett T3 test

FSTL3 has previously been implicated in hepatocellular steatosis, and therefore, in

addition to studying fibrotic effects in LX-2 cells, we measured expression changes

in the hepatocyte cell line HepG2 in response to fatty acid and Activin A treatment.

Treatment of HepG2 cells with 100 ng/mL Activin A led to a significant 22.κ-fold

upregulation of FSTL3 expression (p=3.14x10-10, Figure 6.10). Supplementation
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of media with 0.6mM BSA-conjugated fatty acids, consisting of palmitic acidμoleic

acid (PA/OA) at a 1μ2 ratio, also led to a slight nominal 1.35-fold increase in FSTL3

expression in the Activin A-treated cells only, but this difference was not significant

(p=0.0λ, Figure 6.10). Unlike in the LX-2 cells, INHBA was not detectable under any

condition.

Figure 6.10: RTqPCR results for FSTL3 expression in HepG2 cells. Cells were
treated with 100 ng/mL Activin A or a 0.6M of 1μ2 palmitic acid/oleic acid (PA/OA) for
24 h.
Data are given as individual data points (each representing an independent experiment
measured in duplicate) and mean±SD for -ΔΔCt relative to PBS+BSA control and
normalised to the expression of SRSF4, n = 3 per group.
Abbreviationsμ BSA - bovine serum albumin, FSTL3 - follistatin-like 3, PBS - phosphate-
buffered saline, PA/OA - palmitic/oleic acid.
**p<0.001 for Activin A vs PBS using Two-Way ANOVA with interaction effect and post-
hoc Tukey HSD test.

6.2.4 Establishing FSTL3 knockdown in LX-2 and HepG2

Having established that FSTL3 is significantly regulated in LX-2 and HepG2 cells

in response to either Activin A or TGFβ1 treatment, we sought to modulate FSTL3

expression to determine its biological function in the context of liver steatosis and

fibrosis. We tested four different siRNAs targeted at FSTL3 (named FSTL3 siRNA

5, 6, κ and λ) and compared a range of concentrations to negative control siRNA
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(Figure 6.11A). To achieve a biologically meaningful response, we aimed for a minimum

70% reduction of FSTL3 mRNA expression following siRNA transfection. The majority

of the siRNA knockdown experiments were performed by Kavitha Kirubendran and

Alex Reeves as part of their Bachelor dissertation projects, jointly supervised by Dr

Chris Weston and the author of this thesis.

In a first screening, cells were harvested at 24 hours after transfection. In LX-2 cells,

FSTL3 siRNA 5 induced a more than 75% reduction in FSTL3 expression, while the

other siRNAs achieved about 50-60% reduction (Figure 6.11A, left panel). Similarly

in HepG2 cells, FSTL3 siRNA 5, but also FSTL3 siRNA λ led to reduction in FSTL3

expression by 70% to 75%, respectively, while the other two siRNAs achieved only a

50% reduction (Figure 6.11A, right panel). The responses had a slight dose-dependent

effect with maximum effects seen from 2.5-5.0 nM concentrations upwards without any

visible effects on cell viability.

Based on these results, siRNAs 5 and λ at 5 nM concentration were selected for further

testing. The efficacy of siRNA-induced knockdown can be highly time-dependent and

thus we performed a time-course experiment, harvesting cells at 24, 4κ and 72 hours

after transfection. Negative control siRNA and no siRNA controls were run in parallel

as reference. Both siRNA 5 and λ were highly effective at knocking down FSTL3

expression in LX-2 cells, achieving a up to κ1 and κ6% reduction, respectively, with

the maximum effect at 4κ and 72h (Figure 6.11B, left panel). In HepG2 cells, siRNA 5

was more effective at reducing FSTL3 expression, achieving up to κ7% after 24h, while

siRNA λ exceeded 70% knockdown by 72 h with only 62 to 45% reduction at earlier

time points (Figure 6.11B, right panel). Based on these results, FSTL3 siRNA 5 at 5 nM
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concentration and an overall incubation time of 4κ h after transfection were chosen for

all subsequent experiments.
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Figure 6.11: RTqPCR results for testing FSTL3 siRNA knockdown in LX-2 and
HepG2 cells. A. Bar diagram showing expression values for FSTL3 on the linear
scale relative to negative control siRNA (dashed line) for four different siRNAs at
concentrations ranging from 1.25 nM to 20 nM for LX-2 (left) and HepG2 cells (right).
B. Bar diagram showing expression values for FSTL3 relative to SRSF4 on the linear
scale for selected siRNAs at 5 nM concentration for LX-2 (left) and HepG2 cells (right).
All bars represent n = 1, each representing an independent experiment measured in
duplicate, and statistical testing was therefore omitted.
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6.2.5 Knockdown of FSTL3 modulates fibrogenic gene expression in LX-2

As shown in Figure 6.2, FSTL3 strongly associated with the stage of fibrosis in datasets

of human MASLD and MASH. We also found a prominent regulation of FSTL3 in

hepatic stellate cells with TGFβ-stimulation and therefore we sought to investigate

whether FSTL3 has a role in the activation of those cells. For this purpose, we

used LX-2 cells as a model of hepatic stellate cells and treated these with TGFβ1 with

or without prior FSTL3 siRNA knockdown. Consistent with results shown in Figure 6.λ,

TGFβ1 treatment significantly upregulated the expression of FSTL3 (p=2.κ5x10-5,

Figure 6.12A), while FSTL3 siRNA knockdown effectively and significantly reduced

FSTL3 expression in both PBS control and TGFβ1 treated cells (p=1.57x10-3 and

p=4.35x10-3, respectively). As expected, TGFβ1 treatment also upregulated the

expression of the fibrogenic marker genes COL1A1, ACTA2 and TIMP1 (p=1.2x10-12,

p=1.05x10-11, and p=2.67x10-5, respectively, Figure 6.12B). Strikingly, knockdown of

FSTL3 resulted in 1.22-fold increased expression of COL1A1 and 1.65-fold increased

expression of TIMP1, and a 0.32-fold decreased expression of ACTA2 in PBS controls

(p=0.01κ, p=5.λx10-5 and p=7.3x10-κ, respectively, Figure 6.12B). For ACTA2 and

TIMP1, this effect was also present after TGFβ1 treatment (0.35-fold, p=1.6x10-7

and 1.72-fold, p=5.7x10-5, respectively) while FSTL3 knockdown did not modulate

COL1A1 expression in response to TGFβ1 (p=0.32κ, Figure 6.12B).

TGFβ1 treatment did not affect the expression of the proliferation marker gene MKI67

(p=0.6λ4), whereas FSTL3 knockdown significantly increased MKI67 expression in

both PBS and TGFβ1 treated cells (p=0.01 and p=0.024, respectively, Figure 6.12C).
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Figure 6.12: Gene expression changes in LX-2 cells in response to TGFβ1
treatment and FSTL3 siRNA knockdown. Cells were transfected with 5 nM negative
control (circles) or FSTL3 (triangles) siRNA and incubated for 24 h before being treated
with 50U/mL TGFβ1 or PBS control. Cells were harvested 24 h after TGFβ1 treatment.
Data are given as individual data points (each representing an independent experiment
measured in duplicate) and mean±SD for -ΔΔCt relative to PBS+negative control
siRNA and normalised to the expression of SRSF4.
Abbreviationsμ ACTA2 - alpha smooth muscle actin, COL1A1 - collagen type I alpha
1, FSTL3 - follistatin-like 3, MKI67 - antigen Kiel 67, PBS - phosphate-buffered
saline, TGFβ1 - transforming growth factor beta 1, TIMP1 - tissue inhibitor of
metalloproteinases 1.
p<0.05, **p<0.01, ***p<0.001 using wo-Way ANOVA with post-hoc Tukey HSD or
Dunnett T3 test.
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6.2.6 Knockdown of FSTL3 modulates lipogenic gene expression in HepG2

FSTL3 has previously been implicated in hepatic steatosis [1λ6, 203, 204], and

therefore we wanted to investigate whether knockdown of FSTL3 influences gene

expression related to lipid metabolism in the human hepatocyte cell line HepG2.

HepG2 cells were transfected with either 5 nM negative control or FSTL3 siRNA

5, and after 24 hours were treated with 100 ng/mL Activin A or PBS control for

another 24 hours. As shown before (see Figure 6.10), Activin A led to a strong and

significant increase in FSTL3 expression (p=1.25x10-13) and FSTL3 knockdown

effectively reduced FSTL3 expression both in PBS control and Activin A treated cells

(p=6.5λx10-10 and p=7.2x10-λ, respectively, Figure 6.13A).

While Activin A treatment led to a non-significant reduction in PPARA expression

(p=0.0621) and a significantly increased expression of PPARG (p=λx10-λ), FSTL3

knockdown did not significantly affect the expression of these genes in the absence

or presence of Activin A (p>0.05, Figure 6.13B). Similarly for the de novo lipogenic

gene FASN, Activin A significantly increased its expression (p=0.014) while FSTL3

knockdown only led to a slight and non-significant increase in PBS control treated

cells (p=0.173, Figure 6.13C), the latter not being observed for Activin A-treated

cells. We next looked at genes involved in fatty acid uptake (CD36), mitochondrial

translocation (CPT1A) and β-oxidation (ACADM and ACADL). All genes were

significantly upregulated by Activin A treatment and the expression of CD36, CPT1A

and ACADM was further increased by FSTL3 knockdown in PBS treated cells

(p=0.021, p=1.4λx10-3 and p=0.012, respectively). Furthermore, FSTL3 knockdown
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further increased the expression of CPT1A in Activin A treated cells (p=1.κλx10-3),

while knockdown did not modulate expression of the other genes with Activin A

treatment (p>0.05, Figure 6.13)

Figure 6.13: Gene expression changes in HepG2 cells in response to Activin A
treatment and FSTL3 siRNA knockdown. Cells were transfected with 5 nM negative
control or FSTL3 siRNA and incubated for 24 h before being treated with 100 nM
Activin A or PBS control. Cells were harvested 24 h after Activin A treatment. A.
FSTL3 expression. B. PPARA and PPARG expression, representing important nuclear
receptors regulating hepatocellular lipid metabolism. C. Gene expression of the de
novo lipogenic enzyme FASN. D. Key lipid catabolic genes involved in fatty acid uptake
(CD36), mitochondrial translocation (CPT1A) and β-oxidation (ACADM and ACADL).
Data are given as individual data points (each representing an independent experiment
measured in duplicate) and mean±SD for -ΔΔCt relative to PBS+negative control
siRNA and normalised to the expression of SRSF4.
Abbreviationsμ ACADM/L - acyl-CoA dehydogenase medium/long chain, CPT1 -
carnithine palmitoyl transferase 1, FASN - fatty acid synthase, FSTL3 - follistatin-
like 3, PBS - phosphate-buffered saline, PPARA/G - peroxisome proliferator-activated
receptor alpha/gamma.
p<0.05, **p<0.01, ***p<0.001 using Two-Way ANOVA with post-hoc Tukey-HSD test.
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Activin A has previously been implicated in the differential regulation of proliferation

and apoptosis in different cell types, including hepatocytes. Therefore, we assessed

gene expression changes of the proliferation marker MKI67, and the two apoptosis

markers BAX and BCL-2 in HepG2 cells in response to knockdown and Activin A

treatment. Activin A effectively downregulated MKI67 and upregulated BCL-2 mRNA

expression while expression of BAX was unaffected (p=1.0λx10-6, p=2.77x10-4 and

p=0.λλ5, respectively, Figure 6.14). Knockdown of FSTL3 led to a further numerical

but non-significant decrease ofMKI67 and increase of BCL2 in Activin-treated cells only,

while BAX expression again remained unaffected (p=0.063, p=0.40 and p=0.κκ5,

respectively, Figure 6.14).

Figure 6.14: Gene expression changes related to cell proliferation (MKI67) and
apoptosis (BAX and BCL-2) in response to Activin A treatment and FSTL3 siRNA
knockdown in HepG2 cells. Cells were transfected with 5 nM negative control or
FSTL3 siRNA and incubated for 24 h before being treated with 100 nM Activin A or
PBS control for 24 h. Cells were harvested 24 h after Activin A treatment.
Data are given as individual data points (each representing an independent experiment
measured in duplicate) and mean±SD for -ΔΔCt relative to PBS+negative control
siRNA and normalised to the expression of SRSF4.
Abbreviationsμ BAX - bcl-2-like protein 4, BCL-2 - BCL2 apoptosis regulator, FSTL3 -
follistatin-like 3, PBS - phosphate-buffered saline.
p<0.05, **p<0.01, ***p<0.001 using Two-Way ANOVA with post-hoc Tukey-HSD test.

1λ0



Chapter 6 Results

6.2.7 Hepatocellular lipid uptake in response to FSTL3 knockdown

Having observed significant regulation of lipogenic gene expression in HepG2 with

Activin A treatment and FSTL3 knockdown, we wanted to check how these changes

affected cellular lipid uptake. For this purpose, we performed FSTL3 knockdown and

Activin A treatment as before, followed by treatment with a palmitic acid (PA)/oleic acid

(OA) 1μ2 mixture. In order to visualise lipid uptake over time, LipidTox DeepRed stain

was added, and phase gradient and fluorescence images were recorded over time on

a Zeiss Celldiscoverer 7 high-content imaging platform.

As can be seen in Figure 6.15, DeepRed fluorescence positive areas corresponded

well to visible intracellular droplets on phase gradient images. We also calculated and

quantified the Gaussian curvature of the phase gradient images as described in the

methods (Appendix A.6), in order to identify ellipsoid ’lipid-containing’ structures as

an alternative method to fluorescence quantification. There was a good correlation

between the Gaussian curvature representation of lipid and the signal detected from

LipidTox DeepRed fluorescence.

Figure 6.15: Validation of microscopy lipid uptake assays. The figure shows
representative images for phase gradient, Deep Red fluorescence (lipid) and Gaussian
curvature calculated from the phase gradient information.
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Figure 6.16 shows results for quantification of lipid uptake using the mean fluorescence

of the LipidTox DeepRed dye over a 24h period. In PBS-treated cells transfected

with negative control siRNA, mean fluorescence intensity increased initially and then

plateaued from around the 10 hours time-point (Figure 6.16A). In FSTL3 knockdown

cells, however, we observed only a slight initial increase, followed by a fall in

fluorescence intensity (Figure 6.16B). Activin A-treated cells displayed a different

behaviour with higher initial fluorescence intensity that rapidly declined over time. This

effect occurred earlier in FSTL3 knockdown cells (Figure 6.16D) compared to negative

control siRNA-transfected cells (Figure 6.16C). To compare different treatment

conditions, we calculated the area under the curve (AUC) of the fluorescence intensity

over time. Fluorescence intensity was higher in PBS- compared to Activin-A treated

cells (p=7x10-4) and lower in FSTL3 siRNA compared to negative control siRNA

transfected cells (p=7x10-4, Figure 6.16F). When considering interaction effects,

however, FSTL3 siRNA only had a significant effect in PBS-treated and not in Activin

A-treated cells (p=5.2x10-10 and p=0.57, respectively, Figure 6.16F).

A different response was observed using Gaussian curvature for the identification of

ellipsoid structures corresponding to intracellular lipid droplets (Figure 6.17). In contrast

to the fluorescence signal, we observed a steady increase of Gaussian-positive area

over the time course of the experiment. The percentage of Gaussian positive area was

numerically higher in Activin A- compared to PBS-treated cells and in negative control

compared to FSTL3 siRNA-transfected cells (Figure 6.17E) but these differences were

not significant (p=0.32 and p=0.13, respectively, for AUC, Figure 6.17F), possibly

owing to the higher spread of data points.
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Figure 6.16: caption see next page
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Figure 6.16 (previous page): Results of lipid uptake assays using DeepRed
fluorescence. Panels A-D give representative phase gradient, DeepRed fluorescence
and merged images over time for different treatment conditions. A. PBS + negative
control siRNA, B. PBS + FSTL3 siRNA, C. Activin A + negative control siRNA and D.
Activin A + FSTL3 siRNA.E.Quantification of imaging. Shown is themean fluorescence
of the cell-containing area over time. Data are given as mean±SEM. F. Area under the
curve (AUC) calculated from results shown in E. Data are given as single data points
(each representing an independent experiment performed in technical duplicate) and
mean±SEM.
Abbreviationsμ ActA - activin A, FSTL3 - follistatin-like 3, PBS - phosphate-buffered
saline.
*p<0.05 using repeated measures Two-Way ANOVA and post-hoc two-sided Tukey
test with Bonferroni-Holm correction for pre-selected comparisons.
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Figure 6.17: caption see next page
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Figure 6.17 (previous page): Results of lipid uptake assays using the Gaussian
curvature. Panels A-D give representative phase gradient, filtered positive values of
the Gaussian curvature and merged images over time for different treatment conditions.
A. PBS + negative control siRNA, B. PBS + FSTL3 siRNA, C. Activin A + negative
control siRNA and D. Activin A + FSTL3 siRNA. E. Quantification of imaging. Shown
is the positive area based on Gaussian curvature in percent of the cell-containing area
over time. Data are given as mean±SEM. F. Area under the curve (AUC) calculated
from results shown in E. Data are given as single data points (each representing an
independent experiment performed in technical duplicate) and mean±SEM.
Abbreviationsμ ActA - activin A, FSTL3 - follistatin-like 3, PBS - phosphate-buffered
saline.
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6.3 Discussion

The lack of pharmacological options for most chronic liver disease aetiologies calls

for the need to better our understanding of underlying mechanisms in order to identify

potential novel targets. In the previous chapters we showed that Gremlin-1 is not a

suitable target for treating liver fibrosis in MASH. Therefore, we employed screening of

publicly available bulk RNA sequencing datasets from human liver fibrosis and primary

HHSCs to identify therapeutic targets related to the BMP signalling pathway. We

identified FSTL3 as a highly regulated transcript in liver fibrosis which warrants further

assessment of its therapeutic potential.

Transcriptional changes with increasing stages of liver fibrosis were related to TGFβ-

signalling, collagen production, extracellular matrix organisation and wound healing,

which are well characterised components in the progression of chronic liver disease

(see Chapter 1), and pathway analyses revealed changes related to cell adhesion

and amino acid metabolism. Downregulated pathways corresponded to amino acid

metabolism, particularly sulfur amino acids, which have previously been implicated in

dampening stellate cell activation and fibrosis [312], and methionine-deficient dietary

animal models are often used to induce a MASH phenotype with severe fibrosis [313].

However, only four genes were downregulated across all datasets and therefore

downregulated pathways need to be interpreted with caution. Notably, we found

very little overlap between datasets, largely driven by the GSE4κ422 MASH dataset,

which showed very little transcriptional regulation with increasing stages of fibrosis.

When looking at the characteristics of the datasets, the reason likely lies in the small
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proportion of patients with advanced stages of fibrosis in this dataset. Relaxing the

criteria would have resulted in a higher number of commonly regulated genes, but as

we were looking for highly conserved responses in liver fibrosis and HSC activation,

we deliberately chose to apply very stringent criteria.

Similarly in HSC RNA sequencing datasets, the overlap between differentially

expressed genes across datasets was quite low and most genes were only commonly

regulated in one or two datasets. This result was somewhat surprising as the general

characteristics of experimental conditions were quite similar, which highlights the

heterogeneity of results obtained from in vitro experiments performed at different

institutions. Furthermore, although primary HSC were mainly sourced from the same

vendor, different organ donors for cell isolation probably further impacted on the

heterogeneity of results. Still, we found a relatively high number of commonly up-

and downregulated genes across datasets. Enriched pathways were in line with what

can be expected from the literature. Regulation of cell differentiation, adhesion and

extracellular matrix organisation are with no doubt hallmarks of HSC activation [71].

Surprisingly, gene sets relating to cell proliferation and migration were downregulated,

which likely reflects the differential effects of different HSC-activators, where TGFβ1

more prominently induces extracellular matrix production and can induce apoptosis

whereas platelet-derived growth factor (PDGF) more notably regulates cell proliferation

and migration [71], highlighting that HSC activation cannot be fully recapitulated in vitro.

Also surprising was the downregulation of TGFβ-signalling and MAPK activity, which

might be related to negative feedback mechanisms, including receptor internalisation

and upregulation of inhibitory Smad proteins triggered by activation of the TGFβ
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pathway [λ4]. Most prominently regulated with TGFβ-treatment however, were genes

relating to protein folding end endoplasmic reticulum (ER) stress, which is a highly

conserved sensor of cellular stress [314], in response unfolded proteins in particular,

that is involved in a number of diseases including cancer, type 2 diabetes, the metabolic

syndrome and MASH [72, 315]. Increased ER stress is linked to the activation of

HSCs [316, 317], and thereby directly plays an active role in liver fibrogenesis [71].

We can therefore conclude that both liver fibrosis and HSC datasets adequately reflect

the condition of interest and are suited to identify common signatures in liver fibrosis

and HSC activation.

The aim of this chapter was to identify potential novel players in HSC activation and

the progression of liver fibrosis. So far, transcriptional regulation in the analysed

datasets recapitulated pathways and mechanisms already described in the literature.

When looking at the commonly regulated genes in liver fibrosis progression and HSC

activation, some were also well known to be regulated in liver fibrosis. COL4A2 and

COL5A2 are less well studied collagens that are upregulated in liver fibrosis and

correlate with disease progression and hepatocarcinogenesis [31κ, 31λ]. Fibulin-2

(FBLN2) is a marker protein of portal fibroblasts [320] while integrin subunit beta-like 1

(ITGBL1) and latent transforming growth factor binding protein 2 (LTBP2) are proteins

involved in the maturation and signalling of TGFβ1 and thereby have a role in organ

fibrosis [λ4, 321], and Serpin E1 (SERPINE1, or plasminogen activator inhibitor 1,

PAI1) which is a well-known proteinase inhibitor involved in tissue fibrosis [322] and

has a potential role in dimethylnitrosamine-induced liver fibrosis and biliary fibrosis

[323, 324]. Some other commonly regulated genes have however not been studied in
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the context of liver fibrosis yet, including (i) NALCN which codes for a non-selective

sodium leak channel mainly involved in neurotransmission [325] and in one report

has been identified as a potential regulator in malignant transformation [326], (ii)

Phosphofructokinase 1 isoform P (PFKP) which is a rate-limiting glycolytic enzyme that

has not been studied in liver fibrosis but has been implicated in hepatocarcinogenesis

[327], and (iii) Uncoordinated-5 homolog B receptor (UNC5B) which is best known for

its function in neuronal guidance [32κ] but has also been implicated in liver steatosis

and inflammation [32λ, 330].

Another of the few commonly regulated genes with liver fibrosis and HSC activation

was FSTL3, a known soluble antagonist of TGFβ-family members, including Activin A

and myostatin, and is notable for its role in energy metabolism, bone formation, stem

cell differentiation and cancer metastasis [1λ2]. In line with our results from bulk liver

RNA sequencing, we found increased FSTL3 mRNA in human liver cirrhotic tissue of

different aetiologies when compared to donor livers. A previous report found increased

FSTL3 expression in human MASLD and MASH livers but - possibly due to the low

number of studied subjects - no correlation with the stage of fibrosis [202]. Using the

LX-2 cell line we could also reproduce our findings of increased FSTL3 expression in

TGFβ1-treated HSCs. Additionally, FSTL3 was upregulated in response to Activin A.

To our knowledge we are the first to describe a regulation of FSTL3 in HSCs, and data

on the expression of FSTL3 in extrahepatic (myo-)fibroblasts are also not available.

Using siRNA-mediated knockdown we were able to consistently knock down FSTL3

mRNA in LX-2 cells in order to study the role of FSTL3 on HSC activation. Interestingly,

we found a dichotomous response to FSTL3 knockdown with upregulation of COL1A1
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and TIMP1 and a profound downregulation of ACTA2, coding for α-smooth muscle

actin. This implies that FSTL3 might differentially regulate the matrix-producing

and contractile phenotype of HSCs. Interestingly, myostatin - a target of FSTL3-

inhibitory activity [331] - promotes matrix production in the mesenchymal stem cell

line C3H 10T1/2 without inducing a myofibroblast phenotype [332] and induces fibrotic

responses in LX-2 cells [333], which provides a potential mechanisms for differential

regulation of the HSC phenotype. However, there are few data available supporting

a role of FSTL3 in matrix-producing cells. In cardiac hypertrophy, cardiomyocytes

upregulate FSTL3 [1λλ] and cardiomyocyte-derived FSTL3 promotes fibroblast

activation in vitro [200]. Furthermore, FSTL3 knockdown significantly increased

MKI67 expression in LX-2 cells, which suggests an inhibitory effect of FSTL3 on HSC

proliferation. By contrast, others have found increased proliferative activity in cardiac

fibroblasts stimulated with FSTL3 [200] and more detailed studies, including functional

assays, involving primary HSCs are needed to pin down the effects of FSTL3 on

HSC proliferation. Another member of the follistatin-like group of proteins, FSTL1,

with similar activity against TGFβ-family proteins, has been implicated in liver fibrosis.

Similar to FSTL3 it is upregulated in LX-2 cells in response to TGFβ1 and treatment

with a neutralising antibody led to reduced fibrosis in CCl4-induced murine fibrosis

[205]. A more recent report also found that in liver fibrosis FSTL1 is highly expressed

in myeloid cells and targeted myeloid knockout reduces necroinflammatory activity

and fibrosis in different models of chronic liver injury [206]. Furthermore, FSTL3 in the

context of fibrosis is best known for its inhibitory activity on activins [334], including

Activin A which is involved in hepatic fibrotic processes in several waysμ Activin A elicits
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similar downstream signalling pathways as TGFβ1, and thereby can activate HSCs

and extrahepatic stellate cells directly [207, 20κ]. Furthermore, HSC-derived Activin

A promotes an inflammatory phenotype in hepatic monocyte-derived macrophages,

and thereby indirectly promotes HSC activation [20λ], although recent studies found

decreased hepatic ACTA2 expression upon Activin A overexpression in mice [335].

Interestingly, browsing the online ’Liver disease app’ for FSTL1 and FSTL3 [336]

reveals distinct expression patterns with higher regulation of FSTL1 in acute liver

disease models, whereas FSTL3 is predominantly regulated in chronic conditions.

Taken together, our findings point to a role of FSTL3 in regulating HSC activation and

liver fibrosis. Studies on primary cells and in vivo models of liver fibrosis, e.g. using

conditional lineage-specific knockout of FSTL3, e.g. by generating Fstl3fl/fl LratCre+/-

mice, will be needed to define its exact role and dissect the underlying mechanisms.

Existing evidence from in vivo mouse studies using knockout or overexpression of

FSTL3 imply a potential role for hepatocellular steatosis [1λ6, 203, 204]. Therefore,

we also studied the effects on hepatocellular lipid accumulation in vitro. We found

that FSTL3 was upregulated in HepG2 cells in response to Activin A and - similar to

findings in LX-2 cells - we were able to consistently knock down FSTL3 mRNA by more

than 70 percent. As expected, FSTL3 knockdown regulated the gene expression of

key lipogenic proteins. Knockdown non-significantly increased gene expression of

the de novo lipogenic enzyme FASN and significantly increased the expression of

CD36, CPT1A and ACADM, key transporters and enzymes of cellular lipid uptake

and β-oxidation [337]. Furthermore, it non-significantly increased the expression of

PPARG, which serves as a key regulator of glucose and lipid metabolism [33κ], and
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the lipogenic enzyme FASN, a major driver of MASH [33λ]. Figure 6.1κ gives an

overview of gene expression changes relating to fatty acid metabolism induced by

FSTL3 knockdown. These findings are in line with existing evidence that knockout

of FSTL3 in mice leads to liver steatosis [1λ6, 203] and upregulation of genes involved

in hepatic gluconeogenesis [1λ6] and de novo lipogenic enzymes [203]. Conversely,

overexpression of FSTL3 reduces liver fat content [204]. The changes observed with

FSTL3 knockdown generally followed the same pattern as that of Activin A treatment,

which also upregulated lipogenic gene expression. This suggests that the effects of

FSTL3 knockdown may be mediated by dis-inhibition of Activin A effects. This idea was

further supported by our findings of decreased MKI67 and increased BCL-2 expression

in response to Activin A treatment, which was non-significantly enhanced by FSTL3

knockdown and was in line with the known function of Activin A as an inductor of

hepatocellular apoptosis [340] and inhibitor of hepatocellular proliferation [341, 342].

In order to validate our qPCR findings regarding hepatocellular lipid metabolism on

the functional level, we performed lipid uptake assays on HepG2 treated with a mix

of palmitic and oleic acid. We then assessed lipid uptake using live cell imaging of

LipidTOX DeepRed staining and by calculating and quantifying the Gaussian curvature

as a measure of ellipsoid structures.

The mean fluorescence intensity of the LipidTOX dye showed a quite unexpected

behaviour. In PBS-control cells we observed a steady increase that levelled after

approximately κ-10 hours of incubation, whereas in Activin A-treated or FSTL3

siRNA-treated cells, we observed a rapid decline in fluorescence intensity, contrasting

the increase of lipid droplets which could be visualised upon light microscopy.
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Figure 6.18: Overview of FSTL3 knockdown effects on lipid metabolism. Very
simplified schematic of major proteins and enzymes involved hepatocellular lipid uptake,
fatty acid catabolism and de novo lipogenesis. Genes positively regulated by FSTL3
knockdown are indicated by a green arrow. Non-significant regulation is indicated by
parenthesis.
ACADS, ACADM, ACADL - Acyl-CoA Dehydrogenase Short/Medium/Long Chain; ACC
- Acetyl-CoA Carboxylase; ACS - Acyl-CoA Synthetase; DH - Dehydrogenase; FASN -
Fatty Acid Synthase; FA - Fatty Acid; FATP - FA Transport Protein; PPARγ - Peroxisome
Proliferator-Activated Receptor γ
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Unfortunately, the chemistry of the LipidTox dye is not declared by the vendor and

therefore, we can only speculate on reasons for this behaviour. Given the effects

of Activin A and FSTL3 knockdown on the gene expression of genes involved in

β-oxidation, it is possible that the LipidTox dye, was metabolised more quickly in

Activin A-treated or FSTL3 siRNA-treated cells. Therefore, although the LipidTox

assay probably does not adequately reflect lipid uptake into the cells, it might hint at a

functionally increased lipid catabolism upon these treatments which warrants further

investigation.

The Gaussian curvature, defined as the product of the principal curvature for each point

in space, can be utilised to detect ellipsoid, blob-like structures in images [343]. Our

measurements based on Gaussian curvature aligned more clearly with observations

of increased lipid droplet abundance over time compared to LipidTox fluorescence. In

all treatment groups we observed a steady increase in the Gaussian curvature-positive

area and this tended to be higher in Activin-treated cells. Surprisingly, Gaussian

curvature area was lower in cells treated with FSTL3 siRNA, as based on our qPCR

results we would have expected a further increase of lipid droplet abundance. However,

lipid metabolism is complex and the net accumulation of lipids depends on de novo

lipogenesis, lipid uptake, excretion and lipid catabolic processes. Therefore, additional

methods (e.g. Seahorse assays, Agilent Biotechnology) of assessing cellular lipid

metabolism are necessary to define the exact role of FSTL3 in hepatocellular lipid

metabolism. On a technical note, we feel that the Gaussian curvature measurements

developed here are more reflective of the abundance of cellular lipid droplets and can

be used to assess dynamic changes in cellular lipid uptake over time, and validation
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experiments are ongoing at our institute. Overall, our findings still support the notion

that FSTL3 is involved in regulating liver fat content and may be involved in the

pathogenesis of steatotic liver disease.

In summary, we fulfilled our goal of identifying a potential novel player in liver fibrosis

by comparing transcriptional changes in human liver fibrosis and TGFβ-induced HSC

activation. We here provide first evidence that the Activin A and myostatin inhibitor

FSTL3 is involved in HSC activation and add evidence for a regulation of hepatocellular

lipid metabolism. Future research will need to define its exact role in the context of liver

disease and whether it can be leveraged as a therapeutic target.
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CHAPTER 7

CONCLUSIONS AND OUTLOOK

7.1 Summary and discussion

Hepatic fibrogenesis as the common consequence of chronic liver injury is a complex

process involving all hepatic cell types as well as extrahepatic signals. Through

disruption of the sinusoidal microarchitecture and replacement of functionally active

liver tissue, liver fibrosis leads to cirrhosis of the liver and predisposes to the

development of hepatocellular carcinoma (HCC). Consequently, liver fibrosis is the

predominant risk factor for hepatic outcomes in patients with chronic liver disease.

Despite an increasing understanding of the mechanisms underlying liver fibrosis,

currently no specifically licensed treatment options are available, calling for the need

to explore novel pathways for drug development.

Bone morphogenetic proteins (BMPs) are involved in a plethora of cellular processes

and have been implicated in hepatic fibrogenesis through their pro-inflammatory

effects on hepatic sinusoidal endothelial cells (HSECs) and anti-fibrotic effects on

matrix-producing hepatic stellate cells (HSCs). Gremlin-1 as a BMP antagonist has

been implicated in hepatic fibrosis, promoting HSC activation and driving hepatocellular
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senescence. However, to date the therapeutic potential of Gremlin-1 blockade has not

been investigated.

Therefore, we hypothesised that Gremlin-1 is upregulated in metabolic dysfunction-

associated steatohepatitis (MASH) fibrosis and promotes hepatic fibrogenic pathways

in chronic liver disease. Furthermore, we hypothesised that blocking Gremlin-1

ameliorates the inflammatory and fibrotic response in animal and human models of

liver fibrosis.

7.1.1 Increased Gremlin-1 expression across liver disease aetiologies and stages

of disease

We first aimed to assess the expression of Gremlin-1 across different stages of liver

fibrosis and identify the predominant cell type expressing Gremlin-1.

In line with existing evidence from human MASH and rodent models of liver fibrosis [κλ,

1κ0, 1κ7], we found increased Gremlin-1 mRNA expression in human liver biopsies

from patients with MASH fibrosis. Interestingly, we found strikingly increased Gremlin-1

mRNA expression levels in liver tissue from end-stage alcohol-related liver disease

(ArLD), primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC)

patients undergoing liver transplantation, which corroborates findings of increased

Gremlin-1 in livers from rodent bile-duct ligation, Mdr2 knockout and CCl4 models of

liver fibrosis [κλ, 1κ7]. However, in our hands, when we explored Gremlin-1 expression

in rodent models of MASH, we only found consistent expression and upregulation of

GREM1 mRNA in the rat CDAA-HFD model, which prompted us to use this model for
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subsequent in vivo animal studies on Gremlin-1. To what extent Gremlin-1 expression

patterns and functions differ between species across different organs is currently

unknown and warrants further investigation. Furthermore, the substantial increase

in GREM1 expression in end-stage liver disease compared to the small changes

observed in MASH fibrosis by RNA sequencing and in situ hybridisation (ISH), points

towards a specific regulation of Gremlin-1 in end-stage liver disease. While we did not

follow up on this, validation of our RTqPCR findings by other methods, such as ISH

or assessing tissue protein levels in end-stage liver disease samples may shed more

light on the expression pattern of Gremlin-1 in end-stage and decompensated liver

disease.

The literature suggests that in the liver Gremlin-1 is mainly expressed by activated

HSCs and portal fibroblasts [κλ, 1κλ]. Interestingly, using RNAscope ISH co-staining

on human liver biopsies, we found co-localisation of GREM1 mRNA with THY1 and

COL3A1, the former being markers of portal fibroblasts not generally considered to

be expressed at high levels in HSCs [243, 244]. This was corroborated by analyses

of publicly available scRNA-seq datasets, where - despite overall very low expression

levels - GREM1 was highest in smooth muscle cells and portal fibroblasts, and very low

in quiescent or activated HSCs, partly contradicting the existing literature. However,

given the sparsity of scRNA-seq data in general and low abundance of GREM1

expression, these findings need to be interpreted with caution. Still, we found high

levels in all cultured hepatic fibrogenic cell types and an upregulation with transforming

growth factor beta (TGFβ)1 stimulation, which conforms with the concept of increased

Gremlin-1 production with fibrogenic cell activation. Therefore, more sensitive methods

20λ



Chapter 7 Summary and discussion

for quantifying Gremlin-1 expression in freshly isolated pure cell isolates would be

necessary to define whether it is expressed in hepatic stellate cells in vivo at relevant

levels. Furthermore, fibrogenic cells were grown in monolayer culture on plastic dishes,

which leads to spontaneous activation of HSCs and LX-2 cells and higher expression

levels of fibrogenic transcripts [344]. Thus, growing LX-2 cells and HSCs in 2D cell

culture might have altered BMP and Gremlin-1 expression and 3D cultures likely would

have yielded different results. Overall, our findings suggest that Gremlin-1 may be

a marker of portal fibroblasts, and future studies may address its potential use as a

biomarker of disease activity in cholestatic liver diseases and biliary fibrosis.

One of themain findings of this report was that we found no detectable levels of Gremlin-

1 protein in the circulation, both in human MASH fibrosis and in our rat CDAA-HFD

model. Providing a plausible explanation of why Gremlin-1 may not enter the blood

stream in detectable quantities, we found avid binding of Gremlin-1 to heparan sulfate,

which also resulted in the formation of higher order complexes, in agreement with the

literature [165]. However, we cannot finally disprove that Gremlin-1 is entering systemic

circulation, although the increase in Gremlin-1 protein in response to anti-Gremlin-1

treatment makes us confident that our assays were able to pick up even small quantities

of Gremlin-1 protein. Furthermore, Gremlin-1 could theoretically be complexed with

another yet unidentified protein, preventing detection using current approaches, but

we think this is unlikely. Therefore, we feel that the possibility of Gremlin-1 being

absent from circulation needs to be considered when interpreting Gremlin-1 biology

and studying clinical correlations.
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7.1.2 Gremlin-1 as a therapeutic target in liver fibrosis

Next, we sought to characterise the effects of Gremlin-1 and anti-Gremlin-1 treatment

on liver fibrosis using human in vitro and ex vivo and rat in vivomodels of HSC activation

and liver fibrosis.

When using lentiviral vectors for overexpression of Gremlin-1 in LX-2 cells and primary

human hepatic stellate cell (HHSC) we found subtle but distinct changes in gene

expression mainly relating to BMP-related pathways. This was however not reflected

in the corresponding RNA sequencing data, possibly due to the low abundance

of target transcripts, for which the 3´-RNA sequencing protocol lacks sensitivity.

Overall, we found no convincing effects of anti-Gremlin-1 treatment on liver fibrosis

or inflammation in vivo or on fibrogenic gene expression ex vivo or in vitro, despite

convincing evidence of target engagement. Possible reasons for the absence of an

effect lie in the low abundance of Gremlin-1 in the liver and a possible redundancy

of Gremlin-1 signalling, as well as negative feedback loops, which might result from

compensatory increased BMP signalling in response to Gremlin-1, as seen following

overexpression in LX-2 cells. In addition, we found that in vivo, Gremlin-1 was

primarily expressed in portal fibroblasts, a cell type that may have a more important

role in biliary fibrosis and possibly in the ductular reaction in more advanced and

decompensated liver disease [κλ, 243, 244]. Therefore, it may be worth studying

the role of Gremlin-1 and therapeutic neutralisation thereof in conditions other than

metabolic dysfunction-associated steatotic liver disease (MASLD) and MASH. Not

least, the work on antibody development and validation provided by Novo Nordisk
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highlights the importance to acknowledge potential heparin-binding properties when

developing therapeutic antibodies, as immune complex deposition might occur with

heparin-binding antibodies and could result in inflammatory responses.

Furthermore, we aimed to study the role of Gremlin-1 in hepatic sinusoidal endothelial

cell activation, leukocyte recruitment and in the differentiation of monocyte-derived

macrophages.

In summary, we found no effect of Gremlin-1 on HSEC adhesion molecule expression

or leukocyte adhesion in flow-based adhesion assays, both by using either recombinant

human protein or lentiviral overexpression of Gremlin-1. This came as a surprise since

Gremlin-1 acts directly on vascular endothelial growth factor receptor 2 (VEGFR2)

and BMPs which have an established role in endothelial cell function and activation,

including leukocyte recruitment [144, 277]. Because these negative results might have

been caused by the low complexity of HSEC monolayer cell culture, we used platelet

supernatants to deliver Gremlin-1 protein in a more complex and biologically relevant

manner which should also provide other co-factors necessary for Gremlin-1 action,

including BMPs [2κ0]. Indeed, corroborating existing evidence, we found increased

Gremlin-1 protein levels in supernatants from activated platelets [1κ1]. Treatment of

HSEC with these supernatants did however not translate into significant changes in

leukocyte recruitment in flow-based adhesion assays. Previous research from our

group found increased leukocyte recruitment when incubating HSEC with platelets

directly instead of using platelet supernatants [7κ], and therefore it might be worth

repeating flow-based adhesion experiments using similar treatment conditions.
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Existing literature provided some evidence for increased expression of Gremlin-1

in monocyte-derived macrophages and a role for shaping macrophage phenotypes

[1κ1]. In a first step, we therefore analysed existing bulk RNA sequencing datasets

for changes in Gremlin-1 expression in response to different stimulations. In

agreement with existing evidence that Gremlin-1 is upregulated upon inflammatory

stimulation of macrophages [27λ], we found increased GREM1 mRNA in macrophages

differentiated in the presence of lipopolysaccharide (LPS). We were, however, not able

to replicate these findings of increased GREM1 expression when using PBMC-derived

macrophages. Taken together with our findings that anti-Gremlin-1 treatment elicited

no inflammation-related responses in our rat CDAA-HFD model or human PCLS, we

decided not to follow up on the potential effects of Gremlin-1 on hepatic macrophages.

7.1.3 Follistatin-like 3 as a potential novel driver of liver disease

In light of the mostly negative data on Gremlin-1 we subsequently aimed to identify

common transcriptional signatures in activated HSCs and human liver fibrosis in

order to identify and validate potential alternative therapeutic targets relating to BMP

signalling.

Using this approach, we identified FSTL3 as a highly upregulated transcript in TGFβ1-

mediated HSC activation and human liver fibrosis of different aetiologies. FSTL3 is

mainly involved in regulating glucose and lipid metabolism, skeletal muscle mass

and bone formation, while it has also been implicated in haematopoietic stem cell

differentiation and placenta development [1λ2]. Aside from one report on fibrogenic

properties of FSTL3 in cardiomyopathy [200], FSTL3 has not been linked to fibrosis.
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In our studies FSTL3 was upregulated in LX-2 cells in response to TGFβ1 and Activin

A, and using siRNA-mediated knockdown of FSTL3, we were able to show a potential

involvement of FSTL3 in HSC activation. FSTL3 knockdown resulted in increased

COL1A1 and TIMP1 mRNA, while downregulating ACTA2 mRNA, which suggest

an antifibrotic role of FSTL3 while potentially promoting a contractile phenotype. In

addition, FSTL3 knockdown upregulated MKI67 mRNA in LX-2 cells and thus FSTL3

might be involved in reducing HSC proliferative activity, which is in contrast to its

pro-proliferative effects described for cardiac fibroblasts [200] and cancer cells [345,

346].

There is strong evidence for a role of FSTL3 in liver steatosis. FSTL3 knockdown

in mice leads to liver steatosis and upregulation of gluconeogenesis and de novo

lipogenesis [1λ6, 203] while overexpression results in reduced liver fat content and

lipogenic gene expression [204]. When we performed siRNA mediated knockdown

of FSTL3 on the hepatoma cell line HepG2, we observed increased lipogenic gene

expression and an upregulation of genes involved in fatty acid uptake and medium

chain fatty acid oxidation, which suggests that FSTL3 exerts its anti-steatotic actions

by directly acting on hepatocytes. These data strongly suggest that enhanced hepatic

FSTL3 levels could reduce steatosis and inhibit fibrosis progression. More work is

needed to understand the pathways that control the expression of FSTL3 and how this

may be translated to improved clinical outcomes.
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7.2 Limitations and outlook

In this project, we focused on the effects of hepatic Gremlin-1 on liver fibrosis. We

found very low hepatic Gremlin-1 expression in rat and human MASH fibrosis that

was also restricted to THY1/COL3A1+ portal fibroblasts, which raises the question

of disease relevance. However, our investigations were limited to studying mRNA

levels, and even low expression could result in high protein abundance over time.

Unfortunately, available Gremlin-1 antibodies for immunohistochemistry were found

to be unreliable (personal communication Novo Nordisk), which limits investigations

into the spatial distribution and abundance of hepatic Gremlin-1 protein. In human

MASH, dysfunctional and hypertrophic adipose tissue plays a central role in disease

pathogenesis [260], which is not adequately reflected in our rat choline-deficient,

L-amino acid defined, 1% cholesterol, high-fat diet (CDAA-HFD) model of MASH

fibrosis or in precision-cut liver slices (PCLS). Gremlin-1 is increased in adipose tissue

of subjects with type 2 diabetes and involved in driving adipose tissue dysfunction

[23κ] and therefore, targeting of adipose tissue Gremlin-1 represents an alternative

therapeutic strategy and might be studied by applying neutralising antibodies in

diet-induced obesity models capturing the metabolic component of disease, such as

Western Diet or the High-Fat, High-Fructose Diet [347].

We found increased Gremlin-1 expression across different aetiologies of chronic liver

disease, including cholestatic liver diseases PBC and PSC. In biliary fibrosis, portal

fibroblasts play a more prominent role than in chronic hepatocellular injury such as seen

in ArLD or MASH [κλ, 243, 244]. Evidence suggests a higher expression of Gremlin-1 in
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portal fibroblasts compared to activated HSCs [κλ], which is supported by our findings

of a predominant expression in THY1 and COL3A1 positive periportal cells. Therefore,

future studies should investigate whether Gremlin-1 can be utilised as a therapeutic

target in biliary fibrosis.

Notably, we found consistently reduced cell contraction in LX-2 cells overexpressing

Gremlin-1, an observation contrary to what we would have expected under the

hypothesis that Gremlin-1 drives HSC activation. BMPs are capable of regulating

cell contractility. This has been shown for cardiomyoctes, where BMP2 stimulates

contractility through activation of phospho inositide-3 kinase activation [34κ] and BMP4

promotes cardiomyocyte differentiation and contractility through inhibition of fibroblast

growth factor (FGF) signalling in embryogenic development [34λ]. However, BMP7

promotes cell migration through modulation of myosin light chain activity and actin

reorganisation [350], which could also impact on cell contractility, and another study

demonstrated that Gremlin-1 promotes fibrogenic activation and cell contractility in

cancer-associated fibroblasts [351]. Our results from RNA sequencing did not reveal

any regulation in pathways relating to cell contractility and unfortunately limitations in

cell numbers did not allow for replication of our results in primary HHSC. Still, we feel

that the inhibitory effects of Gremlin-1 overexpression on LX-2 contraction warrant

further investigation, e.g. by using calcium imaging and characterising subsequent

cytoskeletal changes.

Our findings of absent Gremlin-1 protein from circulation and its high-affinity heparin-

binding properties have important implications for interpreting the biology and clinical

importance of Gremlin-1, as discussed above. However, proving absence of a protein
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from the circulation is inherently challenging and despite the extensive additional

testing performed by Novo Nordisk, including mass spectrometry on plasma samples

undergoing Gremlin-1 pull-down, we cannot finally rule out the presence of Gremlin-1

protein in circulation. In addition, others found Gremlin-1 in exosomes released from

hepatic cancer-associated fibroblasts [352], and such alternative mechanisms of

protein transport might still enable organ crosstalk through Gremlin-1.

An increasing body of evidence supports a role for Gremlin-1 in carcinogenesis [240].

One study reported increased Gremlin-1 expression in hepatocellular carcinoma [353]

and a more recent report suggested that Gremlin-1 produced by cancer-associated

fibroblasts in HCC might promote hepatocarcinogenesis [352]. Further research is

needed to define the role of Gremlin-1 in HCC and evaluate Gremlin-1 as a therapeutic

target in cancer.

Although our findings of increased FSTL3 with increasing stages of liver fibrosis and in

HHSC activation are highly suggestive for an involvement in hepatic fibrogenesis, our

investigations into FSTL3 were solely based on cell culture models using immortalised

cell lines. While cell lines are a suitable screening tool and can be used to test

specific cellular responses, their translatability into the clinical setting is clearly

limited. Therefore, our findings need to be replicated in primary animal and human

in vitro models and eventually, the role of FSTL3 will need to be defined in vivo.

Conditional FSTL3 knockout mice could be generated using the available floxed

Fstl3f/f mouse strain [354], which could be crossed with Lrat-Cre mice to generate

HSC-specific knockout animals [κ2]. In addition, Activin A has been described to

promote inflammatory phenotypes in hepatic macrophages [20λ] and FSTL3 could
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therefore have a role in liver inflammation by shaping macrophage function, which

has not been explored in this thesis. Finally, when thinking about targeting FSTL3, its

diverse functions need to be taken into account. Of relevance for chronic liver disease

in particular are its role in regulating muscle mass [354] and its role in carcinogenesis

[1λ2], with sarcopenia and hepatocarcinogenesis often complicating the clinical course

of chronic liver disease [355]. When developing therapeutic compounds targeting

FSTL3 in chronic liver disease, it therefore needs to be ensured that they do not

augment sarcopenic or cancerogenic pathways.

7.3 Conclusions

In conclusion, this work demonstrates that, although Gremlin-1 is regulated in liver

fibrosis of different aetiologies including MASH, it likely does not represent a suitable

or priority therapeutic target. The potential reasons include low hepatic expression,

primary expression in portal fibroblasts that may not be of immediate relevance

to MASH disease progression, avid heparin binding resulting in the absence from

circulation and a potential high redundancy in the TGFβ/BMP signalling pathway,

compensating for removal of Gremlin-1 protein from the system. At the same time,

our findings may prompt investigations into Gremlin-1 as a (bio-)marker for portal

fibroblasts and its role biliary fibrosis and end-stage liver disease.

FSTL3 on the other hand is highly regulated in liver fibrosis and manipulating FSTL3

activity in vitro showed effects on hepatocellular lipid metabolism in HepG2 cells and on

the fibrogenic response in the HSCs model cell line LX-2 and therefore warrants further

investigation as a therapeutic target.
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APPENDIX

A.1 Methods

Table A.1: TaqmanTM assays

Target Assay ID

ACADL Hs00155630_m1
ACADM Hs00λ365κ4_m1
ACTA2 Hs01κ7λκ41_s1
ACTB Hs01060665_g1
AFTPH Hs002142κ1_m1
BAX Hs001κ026λ_m1
BCL-2 Hs0060κ023_m1
BMP2 Hs001541λ2_m1
BMP4 Hs0037007κ_m1
BMP7 Hs00233476_m1
BMPR1A Hs04λκ02κκ_g1
BMPR1B Hs01010λ65_m1
BMPR2 Hs0017614κ_m1
CCL2 Hs00234140_m1
CD36 Hs0035451λ_m1
COL1A1 Hs00164004_m1
CPT1A Hs00λ12671_m1
CTCF Hs00λ02016_m1
ERCC3 Hs01554457_m1
FASN Hs01005622_m1
FSTL3 Hs00610505_m1
GAPDH Hs027κ6624_g1
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Table A.1 Continued

Target Assay ID

GREM1 Hs01κ7λκ41_s1
GUSB Hs00λ3λ627_m1
HPRT1 Hs02κ006λ5_m1
ICAM1 Hs00164λ32_m1
ID1 Hs00357κ21_g1
ID2 Hs0074737λ_m1
INHBA Hs010κ15λκ_m1
INHBB Hs001735κ2_m1
LOX Hs00λ424κ3_m1
LOXL1 Hs00λ35λ37_m1
MKI67 Hs042603λ6_g1
PPARA Hs00λ47536_m1
PPARG Hs01115513_m1
SMAD1 Hs001λ5432_m1
SMAD2 Hs00λλκ1κ7_m1
SMAD3 Hs00λ6λ210_m1
SMAD4 Hs00λ2λ647_m1
SMAD5 Hs001λ5437_m1
SMAD6 Hs0017κ57λ_m1
SMAD7 Hs00λλκ1λ3_m1
SMAD9 Hs00λ31723_m1
SRSF4 Hs001λ453κ_m1
TIMP1 Hs010λ2512_g1
VCAM1 Hs01003372_m1

Table A.2: Custom primers for SYBR ® Green PCR

Target Primer Sequence

GAPDH
GAPDH_116bp_fw 5’ - CTC TGC TCC TCC TGT TCG AC - 3’
GAPDH_116bp_rv 5’ - CAA TAC GAC CAA ATC CGT TGA C - 3’

GFP
GFP_10λbp_fw 5’ - GCT ACC CCG ACC ACA TGA AG - 3’
GFP_10λbp_rv 5’ - CGG GTC TTG TAG TTG CCG T - 3’

GREM1
GREM1_10λbp_fw 5’ - GAG CCC TGC TTC TCC TCT TG - 3’
GREM1_10λbp_rv 5’ - TCT GAG TCA TTG TGC TGG GC - 3’
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A.2 RNA sequencing GREM1 overexpression

A.2.1 Top differentially expressed genes

Table A.3: Significant DEG in GREM1 overexpressing LX-2

log2FoldChange pvalue padj gene

3.22 2.2E-33 2.53E-2λ DPY19L1
κ.66 5.13E-23 2.λ5E-1λ NAPA

-12.12 2.03E-16 7.7λE-13 MRPL22
2.0λ 2.κ5E-14 κ.2E-11 UAP1
3.46 1.61E-13 3.6λE-10 TBX2
-2.31 4.16E-13 7.λκE-10 YWHAB
-10.74 2.01E-12 3.31E-0λ EBNA1BP2
-10.33 1.45E-11 2.0κE-0κ TEDC2
10.1κ 3.55E-11 4.5E-0κ FZD3
10.27 3.λ1E-11 4.5E-0κ SMARCC1
6.54 λ.24E-11 λ.67E-0κ NUDT16
7.30 2.1E-0κ 2.01E-05 TCEAL4
-3.25 5.1λE-0κ 4.6E-05 LRRC23
3.2κ 6.34E-0κ 5.21E-05 ENSG00000237352
κ.λλ 7.2E-0κ 5.52E-05 PRORP
-3.36 1.24E-07 κ.λ3E-05 SPATA13
-6.05 2.35E-07 0.00015λ ADNP
κ.λ0 3.4λE-07 0.00020κ POLR2J2
-3.4κ 3.62E-07 0.00020κ FAM86EP
2.5λ 3.5κE-07 0.00020κ ZNF432
-6.λ6 1.07E-06 0.0005κ7 L3MBTL2
-κ.33 2.36E-06 0.001235 MTERF2
22.45 2.7E-06 0.001352 CLASP1
-κ.2λ 3.14E-06 0.001506 MKLN1
κ.36 3.54E-06 0.001632 ENSG00000218890
2.13 4.λ3E-06 0.0021κ DAP
κ.01 1.15E-05 0.004λ1λ LOC102724159
3.61 1.31E-05 0.00520κ PGA4
-6.45 1.2λE-05 0.00520κ ENSG00000278966
1.3λ 1.37E-05 0.00524κ PRELID1
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Table A.3 Continued

log2FoldChange pvalue padj gene

2.κ6 1.6E-05 0.005λ33 RPS16
1.65 3.κ3E-05 0.0137κ3 MEGF8
3.71 5.67E-05 0.01λ1λλ GDNF
1.5λ 5.66E-05 0.01λ1λλ ANKRD13D
3.κ6 7.24E-05 0.023κ05 EIF2S3
7.65 7.7κE-05 0.024κ72 CRY1
7.61 λ.0κE-05 0.02κ231 CC2D2A
-7.κ5 0.0001 0.030311 VPS36
4.κ6 0.000111 0.032κ45 UBA2
2.λ5 0.000121 0.0341κ4 KDM4B
7.5κ 0.000122 0.0341κ4 NUDT8
-7.5λ 0.000125 0.034232 ABAT
-7.53 0.00013 0.034701 POGLUT2
5.31 0.000142 0.037141 TMEM183A
2.2κ 0.000146 0.037417 C19orf54
2.21 0.000164 0.04104κ ARMCX4
-6.κκ 0.0001κ3 0.044761 LCA5
-7.κ6 0.000204 0.04κλ2κ RPL22

Table A.4: Significant DEGs in GREM1 overexpressing HHSC

log2FoldChange pvalue padj gene

10.6λ 1.07E-46 1E-42 CALM2
3.71 1.06E-12 4.λ7E-0λ GREM1
-4.κ2 5.62E-12 1.76E-0κ PDXDC2P
10.11 1.03E-0λ 2.41E-06 RAB18
3.03 5.67E-0λ 1.07E-05 ZNRD2
-λ.72 1.1λE-0κ 1.κ6E-05 RAB4A
-λ.40 1.46E-07 0.0001λ6 YWHAH
24.55 2.κ7E-07 0.00033κ SOD1
-λ.13 3.5λE-07 0.000375 POP1
5.5λ 4.5λE-07 0.0003λ3 PRKD3
3.62 4.51E-07 0.0003λ3 U2AF1
23.κ5 6.2E-07 0.0004κ6 LRPAP1
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Table A.4 Continued

log2FoldChange pvalue padj gene

-κ.71 1.03E-06 0.0006λ3 NDUFS1
-23.42 λ.λE-07 0.0006λ3 MFSD1
23.1λ 1.26E-06 0.0007λ2 ATXN10
-κ.2λ 4.κ1E-06 0.002κ27 POLA1
κ.14 6.12E-06 0.0033κ4 USP30
-2.κ3 λ.04E-06 0.004722 MEGF8
2.λ0 1.4E-05 0.006λ4 PDXDC1
-4.61 1.63E-05 0.007654 ABCF1
-6.40 1.λ2E-05 0.00κ5λ PTCH1
4.κ1 2.11E-05 0.00λ016 NAF1
5.3λ 2.6E-05 0.010624 RPS16
5.47 5.6κE-05 0.022262 ATP5F1E
-3.4κ 7.43E-05 0.027λ57 NCAPD3
7.47 0.000124 0.044κ0λ GATAD2B
6.03 0.00013λ 0.04κ3λλ PRDM5
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Chapter A Anti-Gremlin-1 treatment in rat CDAA-HFD

A.3 Anti-Gremlin-1 treatment in rat CDAA-HFD

Figure A.1: Target engagement studies in the rat CDA-HFD model. Peripheral bloods
samples were taken before first antibody injection and at different timepoints during
treatment, as indicated on the x-axes. Plots show signal intensity for Gremlin-1 protein
in plasma by alphaLISA. All data are given as median and IQR.
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Chapter A ImageJ code for scratch wound analysis

A.4 ImageJ code for scratch wound analysis

1 /*
2 * Macro template to process mu l t i p l e images i n a f o l d e r

3 * /

4 / / Creates an GUI i npu t f o r choosing inpu t and output d i r e c t o r i e s , f i l e

s u f f i x and

5 / / whether batch −processing mode should be used

6 #@ F i l e ( l abe l = ” Inpu t d i r e c t o r y ” , s t y l e = ” d i r e c t o r y ” ) i npu t

7 #@ F i l e ( l abe l = ” Output d i r e c t o r y ” , s t y l e = ” d i r e c t o r y ” ) output

κ #@ St r i ng ( value =” This macro w i l l save processed images and a r e su l t s f i l e

i n csv format i n t o the spec i f i ed output d i r e c t o r y . ” , v i s i b i l i t y =”MESSAGE

” ) ou tpu t_ in fo1 ;

λ #@ St r i ng ( value =”When choosing ’ Subfolder ’ i n the f o l l ow i ng d ia log , the

f o l d e r s t r u c t u r e o f the i npu t d i r e c t o r y w i l l be mi r ro red i n the output

. ” , v i s i b i l i t y =”MESSAGE” ) ou tpu t_ in fo2 ;

10 #@ St r i ng ( l abe l = ” F i l e s u f f i x ” , value = ” . jpg ” ) s u f f i x

11 #@ Boolean ( l abe l = ”Do not show images ” , value = ”TRUE” ) batch

12 #@ St r i ng ( value =” Unt ick t h i s box when you want to see the processed images

” , v i s i b i l i t y =”MESSAGE” ) ba tch_h in t ;

13

14 mode = newArray ( ” Folder ” , ” Subfo lder ” ) ;

15 { Dia log . c reate ( ” Choose running mode ” ) ;

16 Dia log . addMessage ( ” Choose the mode f o r running scratch −wound

ana lys i s ” ) ;

17 Dia log . addChoice ( ”Mode” , mode , ” Subfo lder ” ) ;

1κ Dia log . addMessage ( ” ’ Folder ’ scans f o r images only i n the

s p e c i f i c a l l y se lec ted f o l d e r but not i n any subd i r e c t o r i e s . ” ) ;

226
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1λ Dia log . addMessage ( ” ’ Subfolder ’ scans f o r images i n a l l

s ubd i r e c t o r i e s o f the spec i f i ed f o l d e r but not i n the f o l d e r

i t s e l f . ” ) ;

20 Dia log . show ( ) ;

21

22 mode = Dia log . getChoice ( ) ;

23 }

24

25 / / Pre−set o f va r i ab l es . So fa r , these parameters have worked reasonably

we l l f o r p i c t u r es taken by the Ce l l iQ (1 x1 g r i d ) .

26 var f i l t e r _ r a d i u s = 30; / / f i l t e r rad ius f o r var iance f i l t e r i n g

27 var th resho ld = 10; / / t h resho ld on var iance f i l t e r e d image

2κ var sa t_p ix = 0.001; / / f r a c t i o n o f sa tu ra ted p i xe l s i n image

2λ var min_area = 10; / / minimum area i n px^2 t ha t gets detected

30 var f r ac t_a rea = 0 . 3 ; / / area f r a c t i o n o f l a r ges t area

31 var number_areas = 2; / / number o f areas above f rac t_a rea *max_area t ha t gets

measured

32 var scale = 0 . 7 ; / / sca le i n µm/ p i x e l

33

34 / / Creates a GUI to i npu t / change parameters

35 { Dia log . c reate ( ”Wound hea l ing s ize opt ions ” ) ;

36 Dia log . addNumber ( ” Variance window rad ius ” , f i l t e r _ r a d i u s ) ;

37 Dia log . addSl ider ( ” Threshold value ” , 0 , 255 , th resho ld ) ;

3κ Dia log . addNumber ( ” F rac t i on o f sa tu ra ted p i xe l s ” , sa t_p ix ) ;

3λ Dia log . addCheckbox ( ” Gaussion b l u r ” , t r ue ) ;

40 Dia log . addNumber ( ” Minimal area s ize ” , min_area ) ;

41 Dia log . addNumber ( ” F rac t i on o f l a r ges t area to be detected ” ,

f r ac t_a rea ) ;
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42 Dia log . addNumber ( ”Max number o f areas to be measured ” , number_areas

) ;

43 Dia log . addNumber ( ” Scale i n µm/ p i x e l ” , sca le ) ;

44 Dia log . show ( ) ;

45

46 f i l t e r _ r a d i u s = Dia log . getNumber ( ) ;

47 th resho ld = Dia log . getNumber ( ) ;

4κ sa t_p ix = Dia log . getNumber ( ) ;

4λ gauss_blur = Dia log . getCheckbox ( ) ;

50 min_area = Dia log . getNumber ( ) ;

51 f rac t_a rea = Dia log . getNumber ( ) ;

52 number_areas = Dia log . getNumber ( ) ;

53 scale = Dia log . getNumber ( ) ;

54 }

55

56 i f ( gauss_blur == t rue ) {

57 Dia log . c reate ( ” Gaussian b l u r op t ions ” ) ;

5κ Dia log . addNumber ( ” Radius [ p i x e l s ] ” , 5) ;

5λ Dia log . show ( ) ;

60

61 gauss_rad = Dia log . getNumber ( ) ;

62 }

63

64 setBatchMode ( batch ) ;

65

66 i f (mode == ” Subfo lder ” ) {

67 processSubFolder ( i npu t ) ;

6κ

22κ
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6λ saveAs ( ” Resul ts ” , ou tput + ” / Resul ts . csv ” ) ;

70

71 / / f unc t i on to scan inpu t f o l d e r to f i n d f i l e s w i th co r r ec t s u f f i x .

72 / / This w i l l not search or process f i l e s i n subd i r e c t o r i e s .

73 f unc t i on processSubFolder ( i npu t ) {

74 l i s t = g e t F i l e L i s t ( i npu t ) ;

75 l i s t = Array . so r t ( l i s t ) ;

76 run ( ” Clear Resul ts ” ) ;

77 f o r ( i = 0 ; i < l i s t . l eng th ; i ++) {

7κ i f ( F i l e . i sD i r e c t o r y ( i npu t + F i l e . separa tor + l i s t [ i

] ) )

7λ F i l e . makeDirectory ( output + F i l e . separa tor + l i s t [ i

] ) ;

κ0 f o l d e r = l i s t [ i ] ;

κ1 l i s t _ 2 = g e t F i l e L i s t ( i npu t + F i l e . separa tor + l i s t [

i ] ) ;

κ2 l i s t _ 2 = Array . so r t ( l i s t _ 2 ) ;

κ3 f o r ( j = 0 ; j < l i s t _ 2 . leng th ; j ++) {

κ4 i f ( endsWith ( l i s t _ 2 [ j ] , s u f f i x ) )

κ5 processF i le ( i npu t + ” / ” + fo l de r , output + ” / ” +

fo l de r , l i s t _ 2 [ j ] ) ;

κ6 updateResul ts ( ) ;

κ7 }

κκ }

κλ }

λ0 }

λ1

λ2 i f (mode == ” Folder ” ) {

22λ
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λ3 processFolder ( i npu t ) ;

λ4

λ5 saveAs ( ” Resul ts ” , ou tput + ” / Resul ts . csv ” ) ;

λ6

λ7 / / f unc t i on to scan inpu t f o l d e r to f i n d f i l e s w i th co r r ec t s u f f i x .

λκ / / This w i l l not search or process f i l e s i n subd i r e c t o r i e s .

λλ f unc t i on processFolder ( i npu t ) {

100 l i s t = g e t F i l e L i s t ( i npu t ) ;

101 run ( ” Clear Resul ts ” ) ;

102 f o r ( i = 0 ; i < l i s t . l eng th ; i ++) {

103 i f ( endsWith ( l i s t [ i ] , s u f f i x ) )

104 processF i le ( input , output , l i s t [ i ] ) ;

105 updateResul ts ( ) ;

106 }

107 }

10κ }

10λ

110 func t i on processF i le ( input , output , f i l e ) {

111

112 open ( i npu t + ” / ” + f i l e ) ;

113

114 {

115 run ( ” Se lec t None ” ) ;

116 snapshot ( ) ;

117 setupUndo ( ) ;

11κ run ( ” Options . . . ” , ” b lack ” ) ;

11λ run ( ” Dup l i ca te . . . ” , ” dup l i ca t e ” ) ;

120 setForegroundColor (0 , 0 , 0) ;
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121 setBackgroundColor (255 , 255 , 255) ;

122 roiManager ( ” rese t ” ) ;

123 roiManager ( ” Associate ” , ” t r ue ” ) ;

124 i f ( gauss_blur == t rue ) {

125 run ( ” Gaussian B lu r . . . ” , ” sigma=”+gauss_rad ) ;

126 }

127 run (”κ − b i t ” ) ;

12κ

12λ i f ( isOpen ( ” ROI Manager ” ) )

130 {

131 selectWindow ( ” ROI Manager ” ) ;

132 run ( ” Se lec t None ” ) ;

133 run ( ” Close ” ) ;

134 }

135

136 run ( ” Set Scale . . . ” , ” d is tance=1 known=”+ scale +” un i t =µm

g loba l ” ) ;

137 ge tP ixe lS i ze ( un i t , pw, ph ) ;

13κ

13λ run ( ” Enhance Contrast . . . ” , ” sa tu ra ted =”+ sa t_p ix +” normal ize

” ) ;

140 run ( ” Variance . . . ” , ” rad ius =”+ f i l t e r _ r a d i u s +” stack ” ) ;

141 setThreshold (0 , th resho ld ) ;

142 run ( ” Convert to Mask ” , ” b lack ” ) ;

143 run ( ” F i l l Holes ” ) ;

144 run ( ” Se lec t A l l ” ) ;

145
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146 run ( ” Analyze Pa r t i c l e s . . . ” , ” s i ze =”+min_area+”− I n f i n i t y

c i r c u l a r i t y =0.00−1.00 show=Nothing add stack ” ) ;

147 run ( ” Revert ” ) ;

14κ close ( ) ;

14λ

150 roiManager ( ” Show None ” ) ;

151

152 i f ( roiManager ( ” count ” ) >=1)

153 {

154 i f ( roiManager ( ” count ” ) >1)

155 {

156 area_large = newArray ( roiManager ( ” count ” ) ) ;

157 f o r ( i = 0 ; i <( roiManager ( ” count ” ) ) ; i ++)

15κ {

15λ roiManager ( ” se l ec t ” , i )

160 g e t S t a t i s t i c s ( area_large [ i ] , mean ,

min , max , std , histogram ) ;

161 }

162

163 l a r ges t = 0 ;

164 f o r ( i = 0 ; i <( roiManager ( ” count ” ) ) ; i ++)

165 {

166 i f ( area_large [ i ] > l a r ges t )

167 {

16κ l a r ges t = area_large [ i ] ;

16λ la rge = i ;

170 }

171 }
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172 cu t _o f f = l a r ges t * f r ac t_a rea ;

173

174 se lec tAreas = newArray (0 ) ;

175 selectROIs = newArray (0 ) ;

176 f o r ( i = 0 ; i <( roiManager ( ” count ” ) ) ; i ++)

177 i f ( area_large [ i ] > cu t _o f f )

17κ {

17λ se lec tAreas = Array . concat (

selectAreas , area_large [ i ] ) ;

1κ0 selectROIs = Array . concat (

selectROIs , i ) ;

1κ1 }

1κ2

1κ3 / / t h i s set o f opera t ions so r t s the ROIs

according to s ize and se lec t s on ly the

top n ones

1κ4 Array . so r t ( selectAreas , selectROIs ) ;

1κ5 Array . reverse ( se lec tAreas ) ;

1κ6 Array . reverse ( selectROIs ) ;

1κ7 se lec tAreas = Array . t r im ( selectAreas ,

number_areas ) ;

1κκ selectROIs = Array . t r im ( selectROIs ,

number_areas ) ;

1κλ

1λ0 i f ( selectROIs . leng th > 1)

1λ1 {

1λ2 roiManager ( ” se l ec t ” , selectROIs ) ;

1λ3 roiManager ( ” Combine ” ) ;
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1λ4 }

1λ5

1λ6 else

1λ7 {

1λκ roiManager ( ” se l ec t ” , l a rge ) ;

1λλ }

200 }

201

202 else i f ( roiManager ( ” count ” ) ==1)

203 {

204 roiManager ( ” se l ec t ” , 0) ;

205 }

206

207 rese t ( ) ;

20κ setupUndo ( ) ;

20λ roiManager ( ” Set Color ” , ” cyan ” ) ;

210

211 Roi . getConta inedPoints ( xpo in ts , ypo in ts ) ;

212

213 run ( ” Set Measurements . . . ” , ” r e d i r e c t =None decimal

=3” ) ;

214 g e t S t a t i s t i c s ( area , mean, min , max , std , histogram )

;

215 he i g h t _ t o t a l =getHeight ( ) *pw;

216 w i d t h_ t o t a l =getWidth ( ) *pw;

217 to t a l _a rea =( he i g h t _ t o t a l *w id t h_ t o t a l ) ;

21κ a rea_ f r ac t i on =( area / t o t a l _a rea ) *100;

21λ avg_width = ( area / h e i g h t _ t o t a l ) ;
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220

221 n1=getValue ( ” r e s u l t s . count ” ) ;

222 t i t l e _ image= g e t T i t l e ( ) ;

223 f o l d e r = F i l e . getName ( i npu t ) ;

224 se tResu l t ( ” Folder ” , n1 , f o l d e r ) ;

225 se tResu l t ( ” F i l e ” , n1 , t i t l e _ image ) ;

226 se tResu l t ( ” Area ”+ un i t + ” ^2 ” , n1 , area ) ;

227 se tResu l t ( ” Area %” , n1 , a rea_ f r ac t i on ) ;

22κ se tResu l t ( ” Width ”+ un i t , n1 , avg_width ) ;

22λ setTool ( ” rec tang le ” ) ;

230

231 / / Add an ou t l i n e to the image t ha t gets saved in

the output d i r e c t o r y

232 setForegroundColor (255 , 255 , 255) ;

233 run ( ” Line Width . . . ” , ” l i n e =5” ) ;

234 run ( ” Draw ” , ” s l i c e ” ) ;

235 run ( ” Se lec t None ” ) ;

236 run ( ” Scale . . . ” , ” x=0.25 y=0.25 width=34κ he igh t =260

i n t e r p o l a t i o n =B i l i n e a r average create ” ) ;

237 save ( output + ” / ” + f i l e ) ;

23κ close ( ) ;

23λ }

240 else

241 {

242 n1=getValue ( ” r e s u l t s . count ” ) ;

243 t i t l e _ image= g e t T i t l e ( ) ;

244 f o l d e r = F i l e . getName ( i npu t ) ;

245 se tResu l t ( ” Folder ” , n1 , f o l d e r ) ;
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246 setResu l t ( ” F i l e ” , n1 , t i t l e _ image ) ;

247 se tResu l t ( ” Area ”+ un i t + ” ^2 ” , n1 , 0) ;

24κ se tResu l t ( ” Area %” , n1 , 0) ;

24λ se tResu l t ( ” Width ”+ un i t , n1 , 0) ;

250 setTool ( ” rec tang le ” ) ;

251 run ( ” Se lec t None ” ) ;

252 run ( ” Scale . . . ” , ” x=0.25 y=0.25 width=34κ he igh t

=260 , i n t e r p o l a t i o n =B i l i n e a r average create ” ) ;

253 save ( output + ” / ” + f i l e ) ;

254 close ( ) ;

255 }

256 }

257 }
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A.5 ImageJ script for fluorescence measurement

1 #@ St r i ng ( v i s i b i l i t y =MESSAGE, value =” Please set the rad ius f o r background

subs t r ac t i on ” ) msg1

2 #@ In tege r ( l a be l = ” rad ius ” , min=0 , max=100 , value =10) rad ius2

3 #@ St r i ng ( v i s i b i l i t y =MESSAGE, value =” Please set the f luorescence th resho ld

” ) msg2

4 #@ In tege r ( l a be l = ” th resho ld ” , min=0 , max = 65535 , value = 100)

th resho ld2

5 #@ St r i ng ( value = ” set output d i r e c t o r y to save r e su l t s as comma separated

f i l e ” , v i s i b i l i t y = ”MESSAGE” ) ou tpu t_ i n fo

6 #@ F i l e ( l abe l = ” Output d i r e c t o r y ” , s t y l e = ” d i r e c t o r y ” ) output

7

κ t i t l e = g e t T i t l e ( ) ;

λ select Image ( t i t l e ) ;

10

11 s l i c e s = nSl ices

12

13 select Image ( t i t l e ) ;

14 run (”32 − b i t ” ) ;

15

16 saveSet t ings ;

17 setOpt ion ( ” Stack pos i t i o n ” , t r ue ) ;

1κ i f ( ! Stack . isHypers tack ) {

1λ getVoxelSize ( width , he ight , depth , u n i t ) ;

20 f o r ( n=1; n<=nSl ices ; n++) {

21 se tS l i c e ( n ) ;

22 run ( ” Measure ” ) ;

237



Chapter A ImageJ script for fluorescence measurement

23 }

24 i f ( u n i t ! = ” p i x e l s ” ) {

25 depths = newArray ( Table . s ize ) ;

26 f o r ( i =0; i <Table . s ize ; i ++)

27 depths [ i ] = i *depth ;

2κ Table . setColumn ( un i t , depths ) ;

2λ Table . update ;

30 }

31 res t o reSe t t i ngs ;

32 e x i t ;

33 }

34 run ( ” Set Scale . . . ” , ” d is tance=0 known=0 un i t = p i x e l ” ) ;

35 Stack . getDimensions (w, h , channels , s l i ces , frames ) ;

36 Stack . ge tPos i t i on ( ch , s l , f r ) ;

37 Dia log . c reate ( ” Measure Hyperstack ” ) ;

3κ Dia log . addCheckbox ( ” Channels ( ”+ channels + ” ) ” , t r ue ) ;

3λ Dia log . addCheckbox ( ” S l i ces ( ”+ s l i c e s + ” ) ” , t r ue ) ;

40 Dia log . addCheckbox ( ” Frames ( ”+ frames + ” ) ” , t r ue ) ;

41 choices = newArray ( ” cz t ( de f au l t ) ” , ” c t z ” , ” zc t ” , ” z t c ” , ” t cz ” , ” t zc ” ) ;

42 Dia log . addChoice ( ” Order μ ” , choices , choices [ 0 ] ) ;

43 Dia log . show ( ) ;

44 s ta te1 = Dia log . getCheckbox ( ) ;

45 s ta te2 = Dia log . getCheckbox ( ) ;

46 s ta te3 = Dia log . getCheckbox ( ) ;

47 order = Dia log . getChoice ( ) ;

4κ

4λ i f ( s ta te1 ) { s ta r tCh = 1; endCh = channels ; }

50 e lse { s ta r tCh = ch ; endCh = ch ; }
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51 i f ( s ta te2 ) { s t a r t S l = 1 ; endSl = s l i c e s ; }

52 else { s t a r t S l = s l ; endSl = s l ; }

53 i f ( s ta te3 ) { s t a r t F r = 1 ; endFr = frames ; }

54 else { s t a r t F r = f r ; endFr = f r ; }

55

56 run ( ” Clear Resul ts ” ) ;

57

5κ run ( ” Set Measurements . . . ” , ” area mean standard modal min i n t eg ra t ed median

stack d i sp lay r e d i r e c t =None decimal =3” ) ;

5λ

60 f o r ( y= s t a r t S l ; y<=endSl ; y++) {

61 Stack . se tS l i c e ( y ) ;

62 f o r ( u= s t a r t F r ; u<=endFr ; u++) {

63 Stack . setFrame ( u ) ;

64 Stack . setChannel ( 2 ) ;

65 run ( ” Se lec t A l l ” ) ;

66 run ( ” Variance . . . ” , ” rad ius=20 s l i c e ” ) ;

67 setThreshold (λ0000.6076 , 67743λ7.0000) ;

6κ run ( ” Create Se lec t ion ” ) ;

6λ run ( ” Create Se lec t ion ” ) ;

70 g e t S t a t i s t i c s ( area ) ;

71 a rea_ to t a l = ( getHeight ( ) * getWidth ( ) ) ;

72 a rea_ce l l s = area ;

73 area_ce l l s_percen t = area / a rea_ to t a l *100;

74

75 run ( ” Set Measurements . . . ” , ” area mean median a rea_ f r ac t i on

l i m i t d i sp lay r e d i r e c t =None decimal =3” ) ;

76
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77 Stack . setChannel ( 1 )

7κ g e t S t a t i s t i c s (mean) ;

7λ mean_fluorescence = mean ;

κ0 run ( ” Subt rac t Background . . . ” , ” r o l l i n g =10 s l i c e ” ) ;

κ1 setThreshold ( threshold2 , 65535) ;

κ2 run ( ” Create Se lec t ion ” ) ;

κ3 g e t S t a t i s t i c s ( area ) ;

κ4 area_f luorescence = area ;

κ5 area_f luorescence_percent = area / a rea_ce l l s *100;

κ6 n1=getValue ( ” r e s u l t s . count ” ) ;

κ7 se tResu l t ( ” F i l e ” , n1 , t i t l e ) ;

κκ se tResu l t ( ” S l i ce ” , n1 , y ) ;

κλ se tResu l t ( ” Frame ” , n1 , u ) ;

λ0 se tResu l t ( ” t o t a l area ” , n1 , a rea_ to t a l ) ;

λ1 se tResu l t ( ” c e l l area ” , n1 , a rea_ce l l s ) ;

λ2 se tResu l t ( ” c e l l area percent ” , n1 , a rea_ce l l s_percen t ) ;

λ3 se tResu l t ( ”mean f luorescence ” , n1 , mean_fluorescence ) ;

λ4 se tResu l t ( ” f luorescence area ” , n1 , area_f luorescence ) ;

λ5 se tResu l t ( ” f luorescence area percent ” , n1 ,

area_f luorescence_percent ) ;

λ6 updateResul ts ( ) ;

λ7

λκ }

λλ }

100

101 saveAs ( ” Resul ts ” , ou tput + ” / Resu l ts_ f luorescence . csv ” ) ;
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A.6 ImageJ script for gaussian curvature measurement

1 #@ St r i ng ( v i s i b i l i t y =MESSAGE, value =” Please se l ec t the gaussian smoothing

scale ” ) msg

2 #@ Double ( l abe l =” smoothing scale ” , min=0 , max=1000 , value =1 , stepSize =0.1 ,

s t y l e =” format μ # . # ” ) smoothing

3 #@ In tege r ( l a be l = ” th resho ld ” , min=−1e30 , max = 1e30 , value = 100000)

th resho ld

4 #@ St r i ng ( value = ” set output d i r e c t o r y to save r e su l t s as comma separated

f i l e ” , v i s i b i l i t y = ”MESSAGE” ) ou tpu t_ i n fo

5 #@ F i l e ( l abe l = ” Output d i r e c t o r y ” , s t y l e = ” d i r e c t o r y ” ) output

6

7 t i t l e = g e t T i t l e ( ) ;

κ select Image ( t i t l e ) ;

λ

10 s l i c e s = nSl ices

11

12 select Image ( t i t l e ) ;

13 run ( ” FeatureJ Hessian ” , ” l a r ges t sma l les t smoothing=”+ smoothing ) ;

14 imageCalcu la tor ( ” Mu l t i p l y create stack ” , t i t l e + ” l a r ges t Hessian

eigenvalues ” , t i t l e + ” sma l les t Hessian eigenvalues ” ) ;

15

16 selectWindow ( t i t l e + ” l a r ges t Hessian eigenvalues ” ) ;

17 c lose ( ) ;

1κ selectWindow ( t i t l e + ” sma l les t Hessian eigenvalues ” ) ;

1λ c lose ( ) ;

20

21 selectWindow ( t i t l e ) ;
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22 run (”32 − b i t ” ) ;

23

24 run ( ” I n t e r l eave ” , ” stack_1 = [ ” + t i t l e + ” ] stack_2 =[ Resul t o f ” + t i t l e + ”

l a r ges t Hessian eigenvalues ] ” ) ;

25

26 run ( ” Stack to Hyperstack . . . ” , ” order=xycz t ( de f au l t ) channels=2 s l i c e s =1

frames=”+ s l i c e s +” d i sp lay=Grayscale ” ) ;

27

2κ selectWindow ( ” Combined Stacks ” )

2λ rename ( t i t l e + ” hyperstack ” )

30

31 selectWindow ( ” Combined Stacks ” )

32 rename ( t i t l e + ” hyperstack ” )

33

34 selectWindow ( t i t l e )

35 c lose ( ) ;

36

37 saveSet t ings ;

3κ setOpt ion ( ” Stack pos i t i o n ” , t r ue ) ;

3λ i f ( ! Stack . isHypers tack ) {

40 getVoxelSize ( width , he ight , depth , u n i t ) ;

41 f o r ( n=1; n<=nSl ices ; n++) {

42 se tS l i c e ( n ) ;

43 run ( ” Measure ” ) ;

44 }

45 i f ( u n i t ! = ” p i x e l s ” ) {

46 depths = newArray ( Table . s ize ) ;

47 f o r ( i =0; i <Table . s ize ; i ++)
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4κ depths [ i ] = i *depth ;

4λ Table . setColumn ( un i t , depths ) ;

50 Table . update ;

51 }

52 res t o reSe t t i ngs ;

53 e x i t ;

54 }

55 Stack . getDimensions (w, h , channels , s l i ces , frames ) ;

56 Stack . ge tPos i t i on ( ch , s l , f r ) ;

57 Dia log . c reate ( ” Measure Hyperstack ” ) ;

5κ Dia log . addCheckbox ( ” Channels ( ”+ channels + ” ) ” , t r ue ) ;

5λ Dia log . addCheckbox ( ” S l i ces ( ”+ s l i c e s + ” ) ” , t r ue ) ;

60 Dia log . addCheckbox ( ” Frames ( ”+ frames + ” ) ” , t r ue ) ;

61 choices = newArray ( ” cz t ( de f au l t ) ” , ” c t z ” , ” zc t ” , ” z t c ” , ” t cz ” , ” t zc ” ) ;

62 Dia log . addChoice ( ” Order μ ” , choices , choices [ 0 ] ) ;

63 Dia log . show ( ) ;

64 s ta te1 = Dia log . getCheckbox ( ) ;

65 s ta te2 = Dia log . getCheckbox ( ) ;

66 s ta te3 = Dia log . getCheckbox ( ) ;

67 order = Dia log . getChoice ( ) ;

6κ

6λ i f ( s ta te1 ) { s ta r tCh = 1; endCh = channels ; }

70 e lse { s ta r tCh = ch ; endCh = ch ; }

71 i f ( s ta te2 ) { s t a r t S l = 1 ; endSl = s l i c e s ; }

72 else { s t a r t S l = s l ; endSl = s l ; }

73 i f ( s ta te3 ) { s t a r t F r = 1 ; endFr = frames ; }

74 else { s t a r t F r = f r ; endFr = f r ; }

75
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76 run ( ” Clear Resul ts ” ) ;

77

7κ run ( ” Set Measurements . . . ” , ” area mean standard modal min i n t eg ra t ed median

stack d i sp lay r e d i r e c t =None decimal =3” ) ;

7λ

κ0 f o r ( u= s t a r t F r ; u<=endFr ; u++) {

κ1 Stack . setFrame ( u ) ;

κ2 Stack . setChannel ( 1 )

κ3 run ( ” Se lec t A l l ” ) ;

κ4 run ( ” Variance . . . ” , ” rad ius=20 s l i c e ” ) ;

κ5 setThreshold (λ0000.6076 , 67743λ7.0000) ;

κ6 run ( ” Create Se lec t ion ” ) ;

κ7 g e t S t a t i s t i c s ( area ) ;

κκ a rea_ to t a l = ( getHeight ( ) * getWidth ( ) ) ;

κλ a rea_ce l l s = area ;

λ0 area_ce l l s_percen t = area / a rea_ to t a l *100;

λ1

λ2 run ( ” Set Measurements . . . ” , ” area mean median a rea_ f r ac t i on l i m i t

d i sp lay r e d i r e c t =None decimal =3” ) ;

λ3 Stack . setChannel ( 2 ) ;

λ4 setThreshold ( thresho ld , 1000000000000000000000000000000.0000) ;

λ5 run ( ” Create Se lec t ion ” ) ;

λ6 g e t S t a t i s t i c s ( area ) ;

λ7 area_gauss = area ;

λκ area_gauss_percent = area / a rea_ce l l s *100;

λλ n1=getValue ( ” r e s u l t s . count ” ) ;

100 se tResu l t ( ” F i l e ” , n1 , t i t l e ) ;

101 se tResu l t ( ” Frame ” , n1 , u ) ;
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102 setResu l t ( ” t o t a l area ” , n1 , a rea_ to t a l ) ;

103 se tResu l t ( ” c e l l area ” , n1 , a rea_ce l l s ) ;

104 se tResu l t ( ” c e l l area percent ” , n1 , a rea_ce l l s_percen t ) ;

105 se tResu l t ( ” l i p i d area ” , n1 , area_gauss ) ;

106 se tResu l t ( ” l i p i d area percent ” , n1 , area_gauss_percent ) ;

107 updateResul ts ( ) ;

10κ }

10λ

110

111

112 saveAs ( ” Resul ts ” , ou tput + ” / Resul ts . csv ” ) ;
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