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Abstract

The liver plays a central role in human physiology, and its vulnerability to metabolic
disorders such as non-alcoholic steatohepatitis (NADH) underscores the need for effective
therapeutic interventions. This thesis investigates the potential of M1043, a monoclonal antibody
targeting endoglin (ENG), in mitigating liver injury associated with NASH progression.

ENG, a coreceptor for transforming growth factor (TGF)-B, is implicated in various
pathological processes, including fibrosis and angiogenesis. Elevated levels of soluble ENG
(sENG) and transmembrane ENG are observed in NASH, suggesting its involvement in disease
progression. Additionally, intracellular adhesion molecule-1 (ICAM-1) and vascular cellular
adhesion molecule-1 (VCAM-1) play crucial roles in inflammation and endothelial dysfunction,
key features of NASH.

In this study, male mice were divided into control, choline-deficient L-amino acid defined
high fat diet (CDAA)+rat IgG, and CDAA+M1043 groups, with the latter two groups fed a CDAA-
HFD inducing NASH changes. Mice were treated with M 1043 for four weeks, and liver samples
were analyzed for protein expression of ENG, ICAM-1, and VCAM-1. Results showed that
CDAA-HFD induced liver injury, as evidenced by elevated liver enzymes, and upregulation of
ENG, ICAM-1, and VCAM-1. Importantly, M1043 treatment significantly prevented CDAA-HFD
induced increase in the expression of these markers, suggesting its potential therapeutic efficacy in
NASH.

Our findings highlight the promising role of M1043 in mitigating liver injury associated
with NAFLD. Further research is needed to elucidate the underlying mechanisms and evaluate the

translational potential of M 1043 as a therapeutic agent for liver diseases.



Abstrakt

Jatra hraji Gstfedni roli v lidské fyziologii a jejich zranitelnost vii¢i metabolickym
poruchdm, jako je nealkoholickd steatohepatitida (NASH), podtrhuje potfebu ucinnych
terapeutickych zasahti. Tato prace zkouma potencial M1043, monoklonalni protilatky cilené na
endoglin (ENG), pfi zmirniovani poskozeni jater spojeného s progresi NASH.

ENG, je koreceptor pro transformujici rastovy faktor (TGF)-B, ktery se podili na riiznych
patologickych procesech, vcetné fibrozy a angiogeneze. U NASH jsou pozorovany zvySené
hladiny solubilniho ENG (sENG) a transmembranového ENG, coz naznacuje jeho zapojeni do
progrese onemocnéni. Kromé toho hraji intracelularni adhezni molekula-1 (ICAM-1) a vaskularni
adhezni molekula-1 (VCAM-1) kli¢ovou roli v zadnétu a endotelové dysfunkei, coz jsou klicové
rysy NASH.

V této studii byli mysi samci rozdeleni do kontrolni skupiny, skupiny (vysokotukové diety)
CDAA-+rat IgG a skupiny CDAA+M1043, pficemz posledni dvé skupiny byly krmeny CDAA-
HFD vyvoléavajici zmény NASH. Mysi byly po dobu Ctyf tydnt 1éCeny piipravkem M1043 a
vzorky jater byly analyzovany na expresi proteinit ENG, ICAM-1 a VCAM-1.

Vysledky ukazaly, ze CDAA-HFD vyvolala poskozeni jater, coZ se projevilo zvySenim
jaternich enzymu a zvySenou expresi ENG, ICAM-1 a VCAM-1. Diilezité je, Ze podavani M1043
vyznamn¢ zabranila zvySeni exprese téchto markerti vyvolané CDAA-HFD dietou, coZ naznacuje
jeho potencialni terapeutickou uc¢innost u NASH.

Nase zjiSténi zdlraznuji vyznamnou Glohu M1043 pii zmirfiovani jaterniho poSkozeni
spojené¢ho s NAFLD. K objasnéni zakladnich mechanismt a vyhodnoceni translaéniho potencialu

M1043 jako terapeutického prostifedku pro jaterni onemocnéni je zapotiebi dal§iho vyzkumu.
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1. Introduction

The liver plays a vital role in physiology of human body. The increasing incidence of
metabolic diseases, including obesity, dyslipidemia, and diabetes, can lead to various liver
disorders such as non-alcoholic fatty liver disease (NAFLD). The presence of steatosis (excessive
fat accumulation within hepatocytes), inflammation, and tissue fibrosis participate the
development of non-alcoholic steatohepatitis (NASH), a condition with potential progression to
cirrhosis and hepatocellular carcinoma (HCC). [1]

Endoglin (ENG), defined as a transforming growth factor (TGF)- B coreceptor, exists in
two distinct forms: a transmembrane glycoprotein and a soluble form. It has a physiological
function in endothelium and plays a crucial role in cell proliferation and angiogenesis. Some
studies suggest that both soluble endoglin (SENG) and transmembrane ENG are overexpressed in
NASH. On the other hand, elevated plasma levels of SENG stimulates liver activities, working to
reduce cholesterol levels in the bloodstream by redistributing it from plasma to hepatocytes and
subsequently to bile [2], [3], [4], [5].

Intracellular adhesion molecule-1 (ICAM-1), a glycoprotein placed on the cell surface and
belonging to the immunoglobulin family, serves as a key mediator. In the case of inflammation,
ICAM-1 effectively attracts leukocytes from the bloodstream. ICAM-1 is predominantly present
on vascular endothelial cells, epithelium, and immune cells. Moreover, higher expression of
ICAM-1 relates to the inflammatory response [6].

Vascular cellular adhesion molecule-1 (VCAM-1) is another cell adhesion molecule that
belongs to immunoglobulin family. It is responsible for facilitating the adhesion of monocytes to
liver sinusoidal endothelial cells (LSECs) in response to inflammation, making it as one of the

pivotal proteins upregulated in NASH [7].
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TRC105 (carutoximab) is a monoclonal antibody (mAb) specifically designed to blocks
ENG and it is signaling pathway. TRC105 was originally developed with primary focus on
targeting endothelial proliferation in solid tumors within the field of oncology [8].

TRC105 binds more selectively to human ENG and effectively inhibits its expression and
signaling pathway. However, it has less affinity to mouse ENG and subsequently inhibits it notably
lower, resulting in less significant inhibition.

Therefore, a mouse-specific ENG-targeting rat IgG1 antibody, named M1043, has been
formulated for specific application in preclinical investigations [9].

This study principally investigated the impact of M1043 on the expression of three key

proteins: ENG, ICAM-1, and VCAM-1, which serve as critical biomarkers for NASH.

2. Liver

2.1. Liver histology

The liver is the largest organ in the abdomen, is partitioned into four anatomical lobes based
on peritoneal attachment. From the anterior view, the right and left lobe are separated by falciform
ligament, while the caudate lobe and quadrate lobe are observable from the posteroinferior view.
Typically, the liver exhibit three significant fissures and three smaller ones. Among the major
fissures, which are not apparent on the surface, are the main portal fissure, right portal fissure and
the left portal fissure. The three minor fissures, visible as distinct physical clefts on the liver
surface, include the umbilical fissure or fissure for round ligament, the venous fissure or fissure for
ligamentum venosum, and the sulcus of the caudate process [10].

The liver’s blood perfusion is facilitated by two main vessels: the hepatic portal vein (PV)
and the hepatic artery (HA). Deoxygenated blood rises through the portal vein, carrying digested

nutrients from the gut, pancreas, and spleen. The portal vein provides approximately 80% of the
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total blood perfusion to the liver. The remaining blood circulation to the liver is supplied by hepatic

artery, providing fully oxygenated blood [11], see Figure 1 [12].
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Figure P1: Liver anatomy with anterior and posterior views [12]

The first microscopic anatomy of the liver was explained in 1833 by Kiernan, who coined
the term ’classic lobule’ or ‘Kiernan lobule’. The classic lobule was described as polygonal-shaped
structures with a central vein and portal tracts located at the vertices, defining it as the basic
histological unit of the liver. In 1954, Rappaport and colleagues introduced the ‘hepatic acinus’
model, as the next description of hepatic lobules. In this model, hepatic lobules are divided into
three zones based on terminal portal circulation. With zone 3 being the nearest to the central veins.
Another model, termed the Portal lobule’, situates the portal tracts at the center of lobules, see

Figure 2 [13].
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Figure 2: Different microscopic anatomies of liver [13]

2.1.1. Cellular anatomy

The cellular anatomy of the liver consists of various cell types, including hepatocytes,
hepatic stellate cell, biliary epithelial cells (cholangiocytes), Kupffer cells and liver sinusoidal
endothelial cells. Each population of cells perform distinct task that collectively contribute to the
regulation of the hepatic function.

Hepatocytes are the primary epithelial cells in the liver, are responsible for various
metabolic functions. It is widely recognized that hepatocytes can undergo infinite regeneration, a
crucial attribute that proves beneficial in liver transplantation and surgical resection.

Cholangiocytes, constituting the second most prevalent epithelial cells in liver, contribute
to the formation of the bile duct lumen. Hepatic stellate cells are responsible for storing vitamin A
in lipid droplets. However, certain liver injuries can activate stellate cells, leading to proliferation

and gradual loss of vitamin A stores. Another function of stellate cells is the deposition of collagen
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in the liver in response to hepatic injury, resulting in the formation of scar in liver tissue that may
progress to liver cirrhosis.

Kupffer cells play a role in immune responses within the liver and act as phagocytic cells,
functioning as resident macrophages. The final group, liver sinusoidal cells, comprises specific
endothelial cells that form porous sieve plates within the sinusoidal lumen. They play a crucial role

in certain protein transfers between plasma and liver cells [14], [15].

2.2. Liver function

The liver is involved in a series of critical physiological processes in the body. Its most
important function is metabolism, encompassing the processing of macronutrients and xenobiotics,
playing a significant role in both. Additionally, the liver is responsible for regulating blood volume,
endocrine regulating of growth signaling pathways, supporting immune system, and maintaining
lipid and cholesterol homeostasis [14].

Moreover, in recent years, the liver’s response to both nutrient overabundance and deficit
has been observed. This response involves the secretion hepatokines, acting as signals for energy
status, and regulating nutrition to peripheral tissue and the central nervous system (CNS). The liver
primarily regulates systemic glucose hemostasis by controlling glucose production or glycogen
storage. Its uptakes excess glucose from the plasma, storing it in the form of glycogen or even
consuming it for lipogenesis. This response occurs in reaction to elevated blood glucose levels and
insulin, typically after a meal. During this state, hepatic glucose formation also decreases. On the
contrary, glycogenolysis and gluconeogenesis play significant roles during fasting or periods of

low carbohydrate intake. Additionally, the liver engages in the oxidation of lipids to forms ketones
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and provides lipids in the form of very low-density lipoprotein (VLDL) to peripheral tissues. Any
imbalance in these diverse pathways may lead to insulin resistance or fatty liver disease [16].

The liver plays a crucial role in detoxifying harmful substances, known xenobiotics through
process is called metabolism. Metabolism mainly involves two phases. The first phase is
predominantly carried out by cytochrome p450 superfamily, with enzymes such as CYP3A4,
CYP2D6 and CYP2C9. These enzymes facilitate pathways such as oxidation, reduction, and
hydroxylation, introducing an oxygen atom into the substrate to form a more polar metabolite. This
modification readies the substrate for the second phase of metabolism. The second phase of
metabolism, known as conjugation, involves the addition of a hydrophilic molecule to the
substrate, making it more readily extractable. Enzymes involved in phase two metabolism include
UDP-glucuronyltransferase,  glutathione  S-transferase = (GSH), sulphotransferase, N-
acetyltransferase and methyltransferase [17], [18].

Bile production is yet another principal function of the liver, essential for the digestion and
absorption of fats and hydrophobic substances in the small intestine [19]. Bile is mainly consisting
of water, which dissolves various substances including bile acids, bilirubin, phospholipid, and
cholesterol. Bile acids, the main principal component of bile, are responsible for emulsifying
dietary lipids and are generated from cholesterol by hepatocytes. The gallbladder is the organ
where bile concentrates before delivering directly to the small intestine [20], [21].

The hepatic immune microenvironment contains abundant cells from both the innate and
adaptive immune systems, working to maintain tolerance in a hemostatic form. These immune
cells play a role in initiating inflammation and causing liver injury during times of disease.
Adaptive immune cells include regulatory T cells, cytotoxic T lymphocytes (CTLs) and various

helper T cell subsets such as Thl, Th2, Th17 and Th22. Additionally, B cells and plasma cell
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populations contribute to the complex immune milieu in the liver. Innate immune system includes
cells identified as liver resident, such as Kupffer cells, along with natural killer (NK) cells,
invariant NKT (iNKT) cells, mucosal-associated invariant T (MAIT) cells, dendritic cells (DCs),
vo T cells, and innate lymphoid cells (ILCs). [22]

In brief, the liver serves as a primary immune organ, particularly with its resident
phagocytic cells that identify and eliminate potential pathogens from the blood circulation. The key
to a healthy liver function lies in the balance between hepatic immune hypo-responsiveness against
typical levels of microbe-derived molecules and strong inflammatory response to the shift in the

quantity or context of microbial products [23].

3. Non-alcoholic steatohepatitis (NASH)

3.1.1. Pathophysiology

Non-alcoholic steatohepatitis (NASH) is a chronic liver disease and represents an advanced
stages of non-alcoholic fatty liver disease (NAFLD). The primary cause of chronic liver disease is
the accumulation of excessive fat in the hepatocytes, influenced by factors such as genetics,
unhealthy diet, sedentary lifestyle, obesity, and metabolic diseases. NASH is characterized by
inflammation and hepatocytes injury in conjugation with hepatic steatosis. Specific indicators,
including biochemical markers and factors related to inflammation or fibrosis, are associated with
NASH.

Biochemical markers such as alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), measurable in plasma or liver tissue, serve as indicators of non-specific
hepatocyte damage. Elevated levels of ALT, two to four times the normal may signify NASH. High
levels of triglyceride or cholesterol, measured in plasma or liver biopsy, can also be related to

NASH. Additionally inflammatory cytokines and chemokines, such as interleukin 6 (IL-6), tumor
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necrosis factor-alpha (TNFa), chemokine CC ligand-2 (CCL2), and C reactive protein (CRP), are
significant markers of NASH [24].

Insulin resistance in the liver, muscle, and adipose tissue is closely associated with NAFLD
or NASH, often accompanied by the presence of hyperinsulinemia. Interestingly,
hyperinsulinemia has been documented in individuals without obesity but with normal glucose
tolerance. A study has elucidated that individual with NAFLD or NASH exhibit insulin resistance
(elevated production of endogenous glucose and free fatty acid (FFA) release) in both hepatic and
adipose tissue. This insulin resistance persists even in hyperinsulinemia condition, distinguishing it
from individuals without liver diseases. A recent meta-analysis revealed that among individuals

with type 2 diabetes (T2D), the occurrence rate of NASH is 37.3% [25].

3.1.2. Histological description of NASH liver

In general, there is a subtle distinction in the histological features between NAFLD and
alcohol induced liver injury. The histopathological description of NASH includes several key
features, including predominantly macrovesicular steatosis, scattered inflammation and apoptotic
bodies, ballooning degeneration of hepatocytes, and the presence of Mallory-Denk bodies (MDBs)
[26].

NASH represents the predominant histologically advanced stage of NAFLD and is nearly
always associated with some degree of fibrosis. In comparison to other forms of steatosis alone,
NASH commonly exhibits mild portal inflammation and a mild ductular reaction. Uncommon
characteristics in NASH include the occurrence of lymphoid aggregates, resembling hepatitis C, a

high number of plasma cells as observed in autoimmune hepatitis, and bile duct injury
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characteristic of primary biliary cirrhosis. Despite surgical or pharmacological interventions for

NASH portal inflammation might persist or escalate, even when steatohepatitis resolves [27].

3.1.3. Clinical manifestation

NASH is predominantly asymptomatic disease, and symptoms may become apparent only
as it progresses to cirrhosis and hepatocellular carcinoma. Typically, NASH is discovered during
routine health check-ups, often coinciding with conditions such as obesity, dyslipidemia, diabetes,
and insulin resistance, collectively known as metabolic syndrome. The diagnosis of
NAFLD/NASH relies on three main criteria: the absence of excessive alcohol consumption, the
detection of steatosis through imaging or histology, and the proper exclusion of alternative liver
diseases. NASH diagnosis is established by the presence of steatohepatitis as confirmed through
liver biopsy, which is currently considered the gold standard [28]. liver biopsy, in addition to being
costly, is an invasive procedure associated with significant sampling error and potential
complications such as pain, bleeding, and, in rare cases, death. Due to the limited acceptance of this
invasive procedure by patients, there is a growing demand for precise and non- or minimally
invasive biomarkers. Liver enzymes alone are not reliable indicators, despite the common
occurrence of abnormal levels in patients with NAFLD. It should be noted that individuals with
advanced liver diseases such as cirrhosis or HCC, may present decreased levels of
aminotransferases.

An alternative predictor is Magnetic Resonance Imaging (MRI), which measures the
proton density fat fraction (PDFF) and serves as a precise and quantitative indicator of hepatic fat

content [29].
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3.2. Liver fibrosis in NAFLD

Generally, in most patients with NAFLD, the disease may progress slowly and is more
stable. In rare cases, it can develop into cirrhosis and hepatocellular carcinoma (figure 3). These
end-stage liver diseases include advanced levels of tissue fibrosis, which can bring about more
complications. Fibrosis can develop in either NAFLD or NASH, but it progresses more rapidly in
individuals with NASH, triggered by necroinflammation. The histological grading system, which
clarifies the staging of fibrosis, spans from stage 0 (absence of fibrosis) to stage 4 (cirrhosis). A
meta-analysis of studies on NAFLD, which evaluated paired liver biopsy samples, discovered that
fibrosis progression increased by one stage over 14.3 years for those with NAFLD and by one stage
over a period of 7.1 years for individuals with NASH [30].

From a molecular perspective, NASH involves inflammation that leads to the death and
apoptosis of the hepatocytes. Damage-associated molecular pattern (DAMPs) issues from the
dying hepatocytes, containing nucleic acid, intracellular proteins, and adenosine triphosphate
(ATP), which act as damaging signals to neighboring cells. In response, these signals activate
hepatic progenitor cells (HPCs). In contrast, apoptosis yields lower levels of DAMPS. These
apoptotic bodies are subsequently engulfed by hepatic stellate cells (HSCs) and Kupffer cells,
initiating a pro-fibrogenic response. Furthermore, the DNA derived from apoptotic hepatocytes
triggers the activation of Toll-Like-Receptor (TLR)-9 on HSCs, leading to collagen production

[31].
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Figure 3: Stages of NAFLD progress [32]

4. Endoglin

4.1. Structure and function

Endoglin, also known as ENG or CD105, is a type 1 transmembrane glycoprotein, a
homodimer held together by disulfide linkages, consisting of two 90 kDa subunits which make a
180 kDa molecule. It is recognized as a co-receptor for ligands belonging to the Transforming
Growth Factor  (TGF-p) superfamily. The main structural features of ENG include a 561-residue
extracellular domain and a 47-residue serine/threonine-rich cytoplasmic region. A conserved
region of the extracellular residue is called zona pellucida (ZP), and at its N-terminal extracellular
region, a domain of unknown function lacking homology to any other identified protein is
consequently referred to as the Orphan domain (OD) [4], [33], [34].

ENG comprises a cytoplasmic domain and has been identified with two distinct protein
variants. The primary isoform is short endoglin (S-ENG), consisting of 17 amino acids, and long

endoglin (L-ENG), comprising 47 amino acids [35]. These variants differ in their promotion of two
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distinct pathways, L-ENG enhance ALK-1ld1 pathway, while S-ENG stimulate ALK-5-PAl
pathway [36]. It also exists in another two different isoforms; transmembrane ENG express on
different cells and soluble endoglin (SENG) circulating in blood stream.

In the case of membrane-bound ENG, it has been discussed that the extracellular region

interacts with types I and II TGF-f ligands, activin receptor-like kinase (ALK)1, (ALK)-5, Bone
Morphogenic protein (BMP-9) and (BMP-10), which are members of the TGF- family [33], [37]
. ENG plays a role in both physiological functions and certain pathological conditions.

Various cells type express ENG, including endothelial cells, vascular smooth muscles,
hepatic stellate cells, activated monocytes, macrophages, and fibroblasts. The overexpression of
ENG is observed in proliferating endothelial cells and within the vascular endothelium of tumor
tissues [4], [38], [39].

Physiologically, ENG 1is involved in cardiovascular development, homeostasis,
angiogenesis, and vascular remodeling. A pathologic condition known as Hereditary Hemorrhagic
Telangiectasia (HHT) can develop due to mutation in the human ENG gene. This condition is
characterized by symptoms such as nosebleeds, gastrointestinal bleeding, arteriovenous
malformation in the liver, lung, brain, as well as manifestation of telangiectasis on skin and
mucosa. On the other hand, elevated expression of SENG in the plasma may serve as an indicator of

preeclampsia, a metabolic disorder occurring during pregnancy [33].

4.2. ENG role in liver disorders

Transforming growth factor (TGF-) serves as a pivotal cytokine with diverse regulatory
functions in both developmental and physiological homeostasis. It regulates cellular proliferation,

differentiation, and the synthesis of extracellular matrix (ECM). Notably, TGF-8 stand out as a
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potent profibrotic cytokine, and the manifestation of aberrant TGF-f signaling is conspicuously
linked to various fibrotic conditions [40].

ENG, has been found to impact development and progression of fibrosis through
heightened expression in cells that promote fibrotic processes, such as mesangial cells,
scleroderma fibroblasts, and hepatic stellate cells [40], [41].

Remarkably, despite hepatic stellate cells being recognized as the most fibrogenic cell type
in the liver, investigations have consistently revealed elevated levels of soluble ENG in the
bloodstream during liver fibrosis. This observation suggests the possibility of increased ENG
expression and subsequent release of its ectodomain from liver cells in the context of liver fibrosis.
In many carcinomas endoglin is a major biomarker of angiogenesis, involving HCC. The higher
expression of endoglin in endothelial cells of small vascular and lymphatic vessels has been seen in
HCC as well as other cancer tissues [42].

The role of ENG in carcinogenesis exhibits variability contingent upon the specific tumor
type and cellular origin of endoglin production (vascular endothelial cells or tumor cells). This
protein assumes a dualistic role, either promoting tumor growth and progression or inhibiting
tumor development and acting as a suppressor. Elevated ENG expression in tumor endothelial
cells is associated with increased tumor growth, indicating a pro-angiogenic role. On the contrary,
its downregulation is linked to reduced tumor angiogenesis and diminished tumor growth.
Moreover, higher ENG expression in tumor cells is correlated with tumor suppression, while
reduced ENG levels contribute to tumor progression, facilitating migration, invasion, and

malignancy [42].
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Some studies suggest that ENG is also involved in Hepatitis C Virus (HCV) related liver
fibrogenesis. These studies identified a heightened prevalence of rare variants in the ENG gene

among individuals exhibiting fibrosis [43].

5. Cell adhesion molecules in liver disorders

5.1. ICAM-1

It was demonstrated that there are different cell adhesion molecules participating in liver
diseases. Intercellular Adhesion Molecule-1 (ICAM-1) is a transmembrane glycoprotein known
for attracting leucocytes from the blood circulation in case of an inflammation. While the major site
for ICAM-1 expression is on the vascular endothelial cells, it can be also expressed on epithelial
cells, hepatocytes, fibroblasts, and hematopoietic cells. The highest expression occurs during
inflammation on epithelial and immune cells, triggered by proinflammatory cytokines, including
interferon gamma, IL-1, and TNF-a [44], [45]. The interaction between ICAM-1 and its ligand,
lymphocyte function accociated-1 (LFA-1), member of CD18 family of adhesion molecules,
promotes leukocytes and immune cells infiltration and adhesion [46].

A study suggests that increased levels of ICAM-1 are strongly associated with an elevated
risk of NAFLD development, and this inflammatory mediator can serve as one of the major
biomarkers for the prediction of NAFLD [47]. On the other hand, another study found that ICAM-1
can influence hepatocyte proliferation. They explained that the bond between ICAM-1 and
leukocytes can stimulate hepatocyte regeneration after hepatectomy through release of TNF-alpha
and IL-6 by Kupffer cells [48]. It’s evident that inflammation can boosts tumor growth and
metastasis, representing a distinct feature of cancer progression. Soluble ICAM-1 triggers the
tumor cells to release proangiogenic vascular endothelial growth factors (VEGF) and can also

causes the tumor cells to express higher amounts of pro-metastatic genes, in inflammation, HSCs

26



may differentiate into myofibroblasts. These myofibroblasts promote desmoplasia and a
proangiogenic stroma, forming the early state of micrometastasis through secretion of VEGF and
metalloproteinases [46].

In summary, a study explained that serum ICAM-1 levels are higher in the following order:
1. alcoholic steatohepatitis, 2. NASH, 3 NAFLD. The study also mentioned that the presence of
high blood pressure together with NAFLD causes higher levels of serum ICAM-1 compared to

cases without high blood pressure [45].

5.2. VCAM-1

Vascular Cell Adhesion Molecule-1 (VCAM-1) is an adhesion molecule mostly expressed
on endothelial cells, playing a significant role in liver disorders, particularly NASH and liver
fibrosis. Its upregulation is triggered by inflammatory stimulation. VCAM-1 activates the
endothelial signaling pathway through NADPH oxidase-generated reactive oxygen species,
creating pathways between cells for the migration of leukocytes [49].

The elevated expression of VCAM-1 contributes to the adherence and extravasation of
circulating monocytes to vessels, promoting to hepatic injury, inflammation, and fibrosis [50]. It
has been established that VCAM-1 is overexpressed in patients with NASH compared to normal
liver or fatty livers of NAFLD patients [50]. This makes it a potential biomarker of endothelial

dysfunction and angiogenesis, capable of distinguishing different NAFLD disease stages [51].
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Figure 4: VCAM-1 expression on endothelial cells adheres circulating macrophages [50]

Blocking VCAM-1 has been associated with decreased expression, a lower number of
infiltrating macrophages, and diminished fibrosis in models NASH. Furthermore, there is a
suggestion to use molecular imaging with an anti-VCAM-1 nanobody as a non-invasive method
for identifying liver inflammation in cases of chronic liver disease. These results indicate that
VCAM-1 could be a promising target for the development of treatments for liver disorders [52].

Recently, a study investigated that patient with COVID-19 also present increased serum
levels of VCAM-1, which may clarify the systemic vascular inflammation that occurs to infected

patients [53].
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6. Liver sinusoidal endothelial cells dysfunction

Liver sinusoidal endothelial cells (LSECs) are specialized endothelial cells that serve as a
crucial boundary between blood cells and hepatocytes/hepatic stellate cells. They form a
permeable barrier characterized by fenestrae, the absence of a diaphragm, and the lack of a
basement membrane, rendering them the most permeable endothelial cells in mammals [54].

LSECs play critical roles in preserving liver homeostasis by regulating vascular tone,
inflammation, thrombosis, and orchestrating the hepatic immune response. However, during acute
or chronic liver injury, LSECs alter their characteristics, impacting neighboring cells and
contributing to the pathophysiology of liver diseases [55]. They undergo capillarization, leading to
a loss of their protective functions, while also stimulating angiogenesis and vasoconstriction.

The process known as capillarization of LSECs, or dedifferentiation, takes place in
response to liver injury, observed both in animal models and patients. This transition occurs early
in the injury process, preceding the activation of hepatic stellate cells and macrophages, as well as
the onset of liver fibrosis. These findings suggest that capillarization may represent a crucial initial
stage required for the development of fibrogenesis [54].

LSECs contributes to impaired hepatic lipid uptake and metabolism, interrupted transport
of macromolecules and metabolites, increased angiogenesis, intrahepatic inflammation,
hepatocellular injury, and ultimately, diminished hepatic blood flow accompanied by intrahepatic

resistance [56].
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7. NASH animal models

A suitable preclinical model for NAFLD should accurately replicate the underlying
mechanisms of the human disease, particularly in its advanced stages. A clinically relevant mouse
model should exhibit typical histopathological characteristics of NASH, including steatosis,
inflammation, ballooning, and some level of liver fibrosis. These animal models encompass

genetically induced, diet-induced, and chemical-induced NASH models.

7.1. Diet-induced models
In dietary models, the methionine-choline deficient (MCD) diet is one of the best-known

diets for NAFLD development, involving 40% sucrose and 10% fat content. Choline and

methionine are two essential nutrients, and their deficiency causes reduced [-oxidation and alter
the formation of very low-density lipoprotein (VLDL), resulting in excessive fat accumulation in
the liver, hepatocytic cells death, oxidative stress, and release of differentiating cytokines with
modest levels of inflammation and fibrosis [57]. Choline deficient (CD) diet itself also used in fatty
liver disease studies often features elevated fat levels, which can lead to steatosis, inflammation,
and fibrosis. Unlike MCD diets, CD diets do not typically result in weight loss, making them
preferable to certain researchers. Another diet, the fructose diet, can also cause the development of
NAFLD as it is primarily metabolized by the liver. This can trigger excessive fat deposition and
inflammation, leading to insulin resistance and fibrosis in hepatic tissue. A high fat diet (HFD)
comprises a regimen with 45 to 75 kcal% fat content and represents human disease such as obesity,
insulin resistance and hyperlipidemia. This diet leads to accumulation of triglycerides in the liver,

resulting in the development of NASH [57].
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Some other examples of dietary models include the choline deficient-ethionine
supplemented (CDE) diet, American lifestyle-induced obesity syndrome (ALIOS) diet, and the

Diet-induced animal model of NAFLD (DIAMOND) [58].

7.1.1. CDAA animal model description

The CDAA diet, or choline-deficient L-amino acid-defined diet, is used for inducing
NASH in rodent animals Similar to the MCD diet, the CDAA diet differs only in the proteins which
are replaced with an equivalent and related mixture of L- amino acids. It functions by inhibiting
fatty acid oxidation in liver cells, leading to increased lipid synthesis, oxidative stress, and
inflammation, ultimately resulting in liver tissue fibrosis. The CDAA diet takes more time to
induce histopathological changes compared to the MCD diet. Mice following the CDAA diet show
no signs of hepatic insulin resistance, do not experience weight gain or alterations in peripheral
insulin sensitivity. This model has been demonstrated to replicate human NASH in both mice and
rats, inducing steatohepatitis, liver fibrosis, and hepatocellular carcinoma sequentially [59], [60].

On the other hand, the CDAA diet combined with high-fat diet (CDAA-HFD) causes
weight gain and elicit features of the metabolic syndrome, as well as rapid development of
NAFLD. Compared to the CDAA diet alone, CDAA-HFD exhibits a closer resemblance to the

pathology of NASH in humans [58].
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7.2.  Chemically induced models

In chemical-induced models, carbon tetra chloride (CCl4) can be mentioned, causing
hepatic damage characterized by degenerated, ballooned, and necrotic hepatocytes. CCl4 itself
induces fibrosis, but without obesity or insulin resistance. To use it as NASH model, it needs to be
combined with high fat diet (HFD). Diethylnitrosamine (DEN) is a recognized carcinogen,
suitable for creating HCC animal model or studying HCC progression in NAFLD [57], [61].
Thioacetamide (TAA), when combined with fast-food diet, can also lead to development of NASH
[58]. Streptozotocin (STZ) is another chemotoxin to pancreatic beta cells, causing a gradual loss in

insulin formation. However, it also leads to hepatotoxicity independent from hyperglycemia [62].

7.3. Genetically induced models

Genetically modified models can be combined with appropriate interventions, such as a
specific diet and become a valuable tool for studying the pathogenesis of NASH and evaluating
potential therapeutic interventions. ob/ob mice carry a mutation that leads to leptin deficiency,
resulting in obesity and metabolic dysfunction. The application of high-fat diet to these mice can
induce NASH for further studies. The db/db mouse present another kind of mutation in the gene
encoding the leptin receptor. Depending on their diet, these mice may develop micro- and
macrovesicular hepatic steatosis along with necroinflammation. Additional examples include
foz/foz mice, fatty liver shionogi mice, PNPLA3 polymorphism (patatin-like phospholipase

domain-containing 3), and Gankyrin (Gank)-Deficient Mice [58], [62].
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8. Anti-endoglin antibodies

Anti-ENG antibodies have been studied for their effectiveness in suppressing metastasis
and primary tumors by targeting tumor vasculature. Nowadays, antiangiogenic therapies are
gaining more attention due to their advantages over conventional tumor-cell targeted treatments,
such as chemotherapy or immunotherapy. These advantages may include overcoming issues like

drug resistance, poor delivery, and tumor heterogeneity [61], [63].

8.1. Carotuximab (TRC105)

Carotuximab, also known as TRCI105, is a chimeric human IgG1 antibody designed to
target ENG expression and signaling [64]. Given that ENG is crucial in angiogenesis and is
upregulated in hypoxia, TRC105 was shown to be effective in inhibiting angiogenesis. The
angiogenesis inhibition mechanism involves TRC105 competitively inhibiting the activating
ligand of ENG, namely bone morphogenic protein (BMP), and facilitating antibody-dependent
cellular cytotoxicity (ADCC). TRC105 exhibits its effects through diverse mechanisms. Initially,
its binding to ENG triggers ADCC, facilitated by NK cells, neutrophils, and monocytes, leading to
the destruction of target cells. Secondly, TRC105 prevents the binding of BMP-9 to ENG,
inhibiting the formation of the receptor complex and impeding ENG-mediated downstream
signaling. Lastly, TRC105 induces MMP-14-mediated shedding of ENG, resulting in the
generation of SENG. This soluble form acts as a ligand trap, reducing ENG signaling in the process
[65].

Some preclinical studies suggest that targeting both ENG and Vascular Endothelial Growth
Factor (VEGF) pathways together may lead to better inhibition of angiogenesis compared to

targeting them individually [66], [67].
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The efficacy of TRC105 was demonstrated in mice deficient in Fc gamma receptors I-1V,
which are incapable of inducing ADCC [65]. The research revealed that TRC105 specifically
targets a subset of intratumoral regulatory T cells expressing ENG, effectively eliminating this
immunosuppressive population from the tumor microenvironment. These findings suggest that
TRC105's targeting ENG plays a significant role in the regulation of immune effector cells [65], [3
5]. Inhibition of ENG by carotuximab promotes a protentional therapy in HCC treatment either as a
solo therapy or combination with another anti-angiogenic medicine. However, further
investigations are needed in the future [67]. TRC105 underwent phase 1 and 2 clinical trials
involving patients with prostate, ovarian, bladder, breast, hepatocellular, and urothelial cancers,
demonstrating minimal side effects. Recently, it has undergone investigation in a Phase 3 trial

involved patients with angiosarcoma [68].

8.2. M1043

TRC105 not only prevents BMP-9 signaling through ENG but also engages mechanisms
dependent on the immune system. Despite demonstrating clear anti-tumor effects in syngeneic
mouse models, TRC105 exhibits significantly lower binding affinity for mouse ENG compared to
human ENG. To better investigate the role of ENG-dependent BMP-9 signaling in preclinical
models, researchers developed a mouse ENG-targeting antibody named M1043. Both TRC105 and
M1043 effectively block BMP-9-induced SMADI1/5 phosphorylation in human and mouse
endothelial cells, respectively, while leaving TGF-B-induced, ALK-5-dependent SMAD?2/3
phosphorylation unaffected [69].

Additional experiments revealed increased basal SMAD2/3 phosphorylation and decreased

SMADI1/5 phosphorylation in HUVECs upon TRC105 treatment [65], [70]. Although M1043
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exhibits stronger inhibition of BMP-9 binding to mouse ENG compared to human ENG, it appears
to be less potent than TRC105 in certain in vivo colorectal cancer models. The absence of ADCC
induction in mice by the IgG subtype of M 1043 (rat IgG1) further supports the notion that ADCC
plays a crucial role in the therapeutic effects of the precise molecular mechanism through, which
TRCI105 disrupts BMP-9 binding was recently elucidated with the publication of the crystal
structure of the human ENG ectodomain and its complex with the ligand BMP-9. BMP-9 interacts
with a hydrophobic surface on the N-terminal orphan domain of ENG, involving residues mutated

in HHT patients and overlapping with the TRC105 binding site [65].
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9. Western blot analysis

9.1. The principle of the method

Western blot is a method that separates proteins via gel electrophoresis, followed by their
transfer to a membrane and subsequent, immunodetection using specific antibodies against target
antigen. It is an important technique for analysis of proteins, relying on the specificity of antibody-
antigen interaction.

This method is commonly employed for qualitative or semi-quantitative detection of
specific proteins and their respective molecular weights within a complex protein mixture [71], see
Figure 5 [72].
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Figure 5: Steps of western blot laboratory technique [72]

Sample preparation: the first step is sample preparation, which is important to be done
sensibly since the extraction and purification of proteins have a major impact on the results. Liquid
nitrogen is used to freeze samples, which are then kept at -80° C for lysing. Mechanical

homogenization is mainly used for cell and tissue lysis and disruption of cell membrane. To avoid
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protein denaturation, homogenization is carried out at 4 C with a specific buffer containing
protease inhibitor. The proteins we are searching for are in various cellular components such as the
cell membrane, mitochondria, and the nucleus. It is crucial to determine the protein concentration
of the samples following protein extraction, as this step is highly important for accurately
calculating the specific amount of protein mass to be applied to each well in the gel. The
Bicinchoninic acid assay (BCA) is the biochemical method employed to quantify the overall
protein quantity in a solution. Bicinchoninic acid, upon the reduction of Cu+2 to Cu+1 in an
alkaline solution, produces a purple color. This reduction is facilitated by the four amino acids in
the protein: cysteine, cystine, tyrosine, and tryptophan. This process is significant in minimizing
variations in the protein composition[73]. After measuring protein concentration, samples are
diluted with Mili-Q water, sample buffer is added for electrophoresis visibility, and samples are
heated to 95°C for protein denaturation.

Gel electrophoresis: western blotting employs two types of agarose gel: stacking and
separating. The stacking gel, slightly acidic a pH of 6.8, has lower acrylamide concentration,
creating a porous gel to distinct band formation. In contrast, the separating gel, with a basic pH 8.8
and higher polyacrylamide content, effectively separates proteins based on size, allowing smaller
proteins to move more rapidly than larger ones. Proteins, loaded with a negative charge due to
denaturation, migrate towards the positive electrode under applied voltage. Gels are typically
formed between glass or plastic plates according to the described protocol. Samples and a marker
are loaded into wells, while empty wells receive sample buffer. Careful voltage control is crucial
during electrophoresis to prevent overheating and distortion of protein bands [73].

Blotting: After separating the protein mixture, an electric field perpendicular to the gel's

surface transfers proteins to a membrane. The membrane is sandwiched between the gel and the
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positive electrode, with fiber pads and filter papers for protection (figure 6). Key considerations
include ensuring close contact between the gel and membrane for a clear image and proper
placement of the membrane to facilitate the migration of negatively charged proteins. This
electrophoretic transfer, whether conducted in wet or semi-dry conditions, is more reliable when
performed wet, especially for larger proteins. The membrane, a crucial component, comes in two
types: nitrocellulose, which has high protein affinity but is brittles, and PVDF, which offers better
mechanical support for reprobing and storage. However, careful washing is essential due to higher

background in PVDF membranes [73].
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Figure 6: Formation of a sandwich in western blot [74].

Blocking and antibody incubation: Blocking is a critical step in western blotting,
essential for preventing non-specific antibody binding to the membrane. Typically, a solution of
5% BSA or nonfat dried milk diluted in TBST is used for blocking to minimize background
interference. primary antibody incubation often involves using BSA, as it is required in larger
quantities compared to the secondary antibody, allowing for potential antibody reuse if needed.
The concentration of the antibody is determined based on the manufacturer's instructions and can

be diluted in a wash buffer like PBS or TBST. Effective washing is crucial to minimize background
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and remove unbound antibody, but excessive washing should be avoided to prevent signal
reduction. Following washing, the membrane is incubated with a labeled antibody, commonly
using an enzyme such as horseradish peroxidase (HRP). The signal produced by HRP corresponds
to the position of the target protein and is captured on a film, typically developed in a darkroom.
Chemiluminescence detection: in the final stage, Chemiluminescence is utilized for
detection, typically within a device called ChemiDoc. ChemiDoc is an imaging apparatus equipped
with a high-resolution system for imaging and quantifying gels and blots. After adding the
chemiluminescent reagent onto the membrane, HRP catalyzes the substrate, resulting in a
detectable colored signal. While the data acquired does not provide absolute protein quantity, it
enables a relative comparison between samples. Consequently, Western blotting is a widely used

for comparing the expression of specific proteins across various cells and tissues.
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10.Aims of the diploma thesis

In this diploma thesis, we hypothesized that M1043 affect LSED by modulating the protein
expression of ENG, VCAM-1 and ICAM-1 in a NASH mouse model induced by the CDAA-HFD.
We aimed to evaluate the expression of ENG, ICAM-1, and VCAM-1 liver (sinusoidal endothelial
cells) in the liver during the development and progression of NASH and after pharmacological

intervention by western blot method.
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11.Experimental part

11.1. Experimental animals

Fifteen male mice, aged 11-12 weeks, were used in this study and divided into three groups:
the control group (Ctrl) (n = 5), the CDAA+rat IgGgroup (CD+IgG) (n = 5), and the
CDAA+M1043 group (CD+M1043) (n = 5). The control group was fed with a standard chow diet
(1314-10 mm pellets, Altromin, Germany), while the CD+IgG and CD+M1043 groups were fed
with a CDAA-HFD (A06071302, Research Diets, USA) to induce NASH development.

After a 4-week period, which was previously confirmed to induce NASH development, the
CD+IgG and CD+M1043 groups received intraperitoneal injections of rat IgG (10 mg/kg) and
M1043 (10 mg/kg) respectively, twice a week. The experimental period lasted eight weeks, after
that the mice were euthanized using an anaesthetic overdose induced by a combination of xylazine
(10 mg/kg, i.p.) and ketamine (100 mg/kg, i.p.). Blood and liver samples were collected for further
analysis. Liver samples were immediately frozen in liquid nitrogen, and stored at -80 °C until
subsequent analysis, mainly for western blot analysis.

The mice were purchased from Velaz company (Prague, Czech Republic) and adapted for
two weeks before the study. Throughout the experimental period, the animals were housed in a
temperature-controlled room (22°C £ 1°C) with a 12-hour light/dark cycle and constant humidity.
The mice had free access to tap water and rodent diets ad libitum during the duration of the
experiment. Ethical guidelines set by the Ethical Committee of Charles University, Faculty of
Pharmacy in Hradec Kralové, were strictly followed to ensure the welfare of laboratory animals
(Project number MSMT-5793/2021-2, approval date: 4 May 2021). All planned experiments were

conducted in accordance with Czech Law No. 246/1992 Sb.
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11.2. Biochemical analysis
Blood samples were collected from the inferior vena cava, followed by applying 100 pul of
fresh blood into the Preventive Care Profile Plus cartridge test to measure liver enzymes,

specifically ALT and AST with a VetScan2 device (Abaxis, Griesheim, Hesse, Germany).

11.3. Workflow of the western blot method

11.3.1. Tissue homogenization and protein isolation
The homogenization process and preparation of total (for measuring ICAM-1 protein) and
membrane fractions (for evaluating ENG and VCAM-1 proteins) were performed. The protein
concentration was determined using the bicinchoninic method. This method involves the formation
of complexes between sodium salt of bicinchoninic acid (BCA) and copper ions, which are
generated through the reaction of copper ions and peptide bond in an alkaline environment.
Spectrophotometric determination was performed to measure protein concentration of the liver
samples.
11.3.2. Western blot method
The first step was the preparation of the apparatus (Mini-PROTEAN® Tetra Cell kit;Bio-
Rad Laboratories, Inc., CA, USA) which was made of two glasses and a stand ( the thick glass was
placed in the back and the thin glass in front). It was necessary to conduct a leaking test with Milli-

Q water to check the tightness of the glasses on the stand prior to using the actual separating gel.
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Figure 7: Proper assembly of the western blot apparatus

11.3.2.1. Gel preparation

Separating gel was prepared by mixing Milli-Q water, separating gel buffer, acrylamide-bis
solution, 10% sodium-dodecyl sulphate (SDS), 10% ammonium persulphate (APS) and N,N,N',N'-
tetramethylethylenediamine (TEMED). Once TEMED added the polymerization process started,
so it is highly important to be pipetted in the last step. The concentration of the separating gel was
determined according to the molecular weight of the targeted proteins and in this experiment the
10% concentration was used for ENG, ICAM-1, VCAM-1. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) used as the control protein in this experiment. The amount of each

substance for preparation of two separating gels is shown in the Tab 1.
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Table 1 composition of separation gels

components 10% (ml)
Milli-Q water 4.900
Separation gel buffer 2.500

Acrylamide-bis solution 2.500

10% SDS 0.100
10% APS 0.030
TEMED 0.015

The prepared separating gel was immediately (after the addition of TEMED) pipetted into
the gap between the thick and thin glasses up to 1 cm below the upper edge of the thin glass. The
remaining space was filled with isobutanol to avoid drying of the gel. The polymerization process
of the gel lasted between 30 to 60 minutes. The isobutanol was washed away with Milli-Q water
and the space above the gel was cautiously dried with filter paper.

The next step was the preparation of the stacking gel. The amount of the components for

two gels (5% is given in the Tab 2.
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Table 2 composition of stacking gel

components 5% (ml)
Milli-Q water 6.150
Stacking gel buffer 2.500
Acrylamide-bis- solution 1.250
10% SDS 0.100
10% APS 0.030
TEMED 0.015

The prepared stacking gel was pipetted into the space between the separating gel and the
upper edge of the thin glass, and all the bubbles were subsequently removed. Afterwards the Teflon
comb was vertically inserted into the stacking gel following by filling the narrow space between
the comb and the left and right corners of the glass by stacking gel. The second polymerization
process took 30-60 minutes.

11.3.2.2. Sample preparation

14 samples and one marker (Precision Plus Protein ™Dual Colour Standards, Bio-Rad
Laboratories, Inc., CA, USA) were diluted 1:1 with sample buffer (S3401, Sigma Aldrich, MO,
USA) (6 ul sample + 6 pl sample buffer) for each gel. After preparation of the samples, they were
kept on ice before the addition of buffer. The samples and marker were vortexed, centrifuged for 45
seconds at 5000 rpm following by boiling in a 95° water bath for 5 minutes. After reaching to the

room temperature (10-15 min), samples and the marker centrifuged for another 30 seconds.
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11.3.2.3. Gel electrophoresis

The set of glasses with polymerized gel was removed from the first apparatus and put into
the stand for electrophoresis. Two gels would set on one stand by thin glasses facing each other.
The stand was filled with running buffer and then placed on a dry napkin to ensure there were no
leak. The running buffer was prepared by using 100 ml of 10x concentrated buffer (10x
Tris/glycine/SDS, Bio-Rad Laboratories, Inc., CA, USA) added to 1000 ml of Milli-Q water. Once
the stand was filled with buffer the Teflon combs were removed exactly vertical with cautious. The
marker was applied to the first well of the gel from the left and all other wells were filled with
samples (10 ul each) (figure 8). Two stands with two gels each, could be inserted into an
electrophoresis tank by pointing so called “black to black, red to red”. The tank was filled with
running buffer and covered with a cap having electrodes again with the black and red color codes.
The electrophoresis chamber system was connected to the power source according to the
instructions provided in Tab 3. The last step was to shield all around the system with ice packs to
protect the samples from heating up.

Table 3 parameters for setting electrophoretic conditions for 2 gels

Voltage 200 v
Electric current 120 mA
Time 35 minutes
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Figure 8: Application of marker and samples to wells with caution.

11.3.2.4. 'Wet blotting

Transfer buffer was prepared with 100 ml 10x concentrated buffer (10x
Tris/Glycine/Buffer for western blots and Native Gels, Bio-Rad Laboratories, Inc., CA, USA), 200
ml methanol and 700 ml Milli-Q water. Due to exothermic reaction between transfer buffer and
methanol, the transfer buffer was diluted with milli-Q water prior to addition of methanol.
The PVDF membrane (Immobilon®-E PVDF Membrane, Millipore, MA, USA) was used to
transfer proteins. The membranes were cut to the determined cutting points on the membrane roll,
and it was protected with a blue cover.

A tweezer was used to pull out the membranes gently from the cover and placed inside the
Milli-Q water for 30 seconds on shaker for activation.

After the completion of the electrophoresis and disconnection from the power source, the
stand with gels was removed from the system. The stand was opened, one gel pulled out to use and
the other gel kept in the buffer. The glasses with the gel were separated from each other gently with

the aid of a plastic spatula and after the separation, the glass with the gel was put inside a petri dish
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with transfer buffer to remove the gel from the glass. The gel had to be in correct position in buffer
(markers on the right). A cassette was used to build “sandwich” by the components in the following
order: sponge, thick filter paper, gel, activated membrane, thick filter paper, sponge. (figure 9) A
roller was used on the second thick filter paper to remove probable bubbles. All the components
were soaked properly in the transfer buffer prior to sandwich formation. The cassette was sealed
and implanted to a stand and the stand was placed inside the tank. The tank was poured with
transfer buffer to the blotting point and covered with the lid according to the color code (like
electrophoresis). The whole system was connected to the power source according to the condition

given in Tab 4. Once again, the assembly was enclosed by ice packs.

Table 4 conditions for protein transfer

Voltage 140 V

Electric current 300 mA

Time 1,5h

Figure 9: Placing the gel on activated membrane.
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Once the process was finished, the system was disconnected from the power supply and the lid
was removed. Subsequently, the cassette was pulled out and opened. The membrane sensibly

separated from the gel and put inside the transfer buffer.

11.4. Immunodetection

11.4.1. Membrane blocking, primary and secondary antibodies

The TBS-T solution was prepared according to the following ratio: 100 ml of 10x
concentrated Tris buffer saline (TBS), 900 ml Milli-Q water and 1 ml Tween20. It was important to
pipette Tween20 with care due to its high viscosity. The TBS-T solution was thoroughly mixed on
a magnetic stirrer.

Afterward, the blocking solution (5% milk) was prepared by mixing 5 g non-fat dry milk
and 95 ml TBS-T. The mixture was then stirred on a magnetic stirrer.

The membrane was removed from the transfer buffer and placed on a ruler with the markers
on its left side. It was then cut into few strips, with each strip referring to the molecular weight of
targeted proteins.

The molecular wight of proteins used in this experiment is written in the tab 5.

Table 5 molecular weight of targeted proteins

ENG 95 kDa
ICAM-1 110 kDa
VCAM-1 110 kDa
GAPDH 36 kDa
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The membrane strips were soaked in the 5% milk solution and incubated for 1 hour on

shaker to block the whole membrane prior to the application of antibody.

Upon completion of the blocking process, the primary antibodies were able to specifically

bound to the desired proteins. To achieve this, the required primary antibodies were diluted to the

intended concentrations by 5% milk solution (Tab 6).

Table 6 concentration of primary antibodies

Primary antibody

Host

Producer

Catalogue number

Dilution of the antibody

ENG

Rabbit

Abcam,
Cambridge,

UK

ab221675

1:1000

ICAM-1

Goat

R&D
Systems,

MN, USA

AF796

1:500

VCAM-1

Rabbit

Cell

Signaling

MA, USA

32653s

1:1000

GAPDH

Rabbit

Cell
Signaling,

MA, USA

2118s

1:8000

The diluted primary antibody applied on the strips and kept in fridge overnight. The next

day, washing process took place by TBS-T solution 5 x 10 min. Afterwards, the secondary
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antibodies were used with the given concentration (Tab 7) diluted by 5% milk. The secondary

antibodies formed a complex with primary antibodies resulting in stained bands and aiding the

identification of proteins.

Tab 7 concentration of secondary antibodies

Primary Secondary producer | Catalogue number | Dilution of the antibody

antibody antibody

ENG Anti-rabbit Abcam, Ab6112 1:2000
Cam, UK

ICAM-1 Anti-goat Sigma A5420 1:4000
Aldrich,
MA, USA

VCAM-1 Anti-rabbit Abcam, Ab6112 1:2000
Cam, UK

GAPDH Anti-rabbit Cell 7074s 1:10000
Signaling,
MA, USA

The membrane strips remained in the secondary antibodies on shaker for 1 hour and then

washed again with TBS-T solution for 10 minutes 5 times.
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11.5. Chemiluminescence detection

The final stage of western blot method was detection of the proteins. The chemiluminescent

substrate utilized for the western blot analysis in this study was Immobilon Forte western HRP

substrate (WBLUF0020, Merck, NJ, USA). This substrate is designed to react with horseradish

peroxidase (HRP) enzyme-conjugated secondary antibodies, generating a luminescent signal that

can be detected and quantified using an appropriate imaging system. The chemiluminescence

solution was applied to the membrane strips. It was crucial to ensure complete coverage of the strip

without any bubbles on the membrane surface. Details concerning the type of detection solution

and its incubation time on the membrane strips are documented in Tab 8.

Table 8 chemiluminescence substrate

protein Detection solution | Incubation
(min)

ENG Forte 2

ICAM-1 Forte 3

VCAM-1 Forte 3

GAPDH Forte 3

Figure 10 Tools for chemiluminescence detection
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Following the designated incubation time, the detection solution was removed from the

membrane strip, enclosed with a plastic wrap, and any excess detection solution was removed by

gently pressure and moving the hand on the plastic wrap. The assembly was subsequently put

inside the ChemiDoc device.
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As a result of the detection process, bands of different thickness and color intensity
appeared, presenting shades ranging from grey to black.

Equal loading of proteins onto the gel was established by immunodetection of mouse
monoclonal anti-GAPDH antibody. The bands were captured by ChemiDoc™ MP Imaging
System (Bio-Rad Laboratories, Hercules, CA, USA). Image Lab software (Bio-Rad Laboratories,

Hercules, CA, USA, version 6.0.1) was used to quantify the bands.

Figure 11: ChemiDoc™ MP Imaging System and Image Lab software

11.6. Statistical analysis
The statistical analysis for this research study was conducted using GraphPad Prism
software version 9.2 (GraphPad Software Inc., San Diego, CA, USA). The data are presented as
median values with the interquartile range. Group-to-group comparisons were performed using the
non-parametric Mann-Whitney test, which is suitable for analyzing data that may not follow a
normal distribution. Results with P-values less than 0.05 were statistically significant in this study.

A bar graph was used to show the results, where the control group was represented by a green bar,

53



and the CD+IgG and CD+M1043 groups were represented by blue and red bars, respectively. The
number that showed statistical significance was marked with a "*" (*p <0.05, ** p <0.01, *** p <

0.001).
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12.Results

12.1.1. Effect of diet on liver enzyme, ALT levels, and the impact of M1043

The plasma level of ALT was measured to confirm liver injury in mice fed with a CDAA-
HFD. A significant increase was found in the level of ALT in the plasma of mice fed with a CDAA-
HFD when compared with the control group (Figure 12), suggesting liver impairment induced by
the CDAA-HFD diet. In addition, there was no significant difference in ALT levels between
CD+IgG and CD+M1043 groups. The results indicate that M1043 was not able to reduce ALT
levels in CDAA-HFD-fed mice (Figure 12). These results suggest that CDAA-HFD induced liver
injury in mice, which is confirmed by the significant increase in ALT levels. However, M1043

treatment did not have a significant effect on ALT levels in CDAA-HFD-fed mice.

ALT activity in plasma
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Figure 12. ALT levels in the control group and two CDAA-HF D-fed groups. All data are shown as

median with interquartile range. Mann-Whitney test, ** p < 0.001 (n = 5)
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12.1.2. Impact of CDAA-HFD on liver enzyme, AST levels, and the effect of M1043

The plasma level of AST was measured to confirm liver injury in mice fed with CDAA-

HFD. The results showed a significant elevation of plasma levels of AST in CD+IgG and
CD+M1043 mice compared to the chow diet group (Figure 13), suggesting liver impairment
induced by the CDAA-HFD diet. However, there was no significant difference in AST levels
between the CD+IgG and CD+M1043 groups (Figure 13). These findings indicate that CDAA-
HFD leads to liver injury, as evidenced by the significant increase in AST levels. Furthermore,

M1043 treatment did not have a significant impact on AST levels in CDAA-HFD-fed mice.
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Figure 13. AST levels in the control group and two CDAA-HFD-fed groups. All data are shown as

median with interquartile range. Mann-Whitney test, ** p < 0.001 (n = 5)
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12.1.3. Effect of CDAA-HFD and M1043 treatment on the expression of liver
sinusoidal endothelial dysfunction markers

Western blot analysis was used to examine the expression of LSED markers in the mice,
including protein expression of ENG, VCAM-1, and ICAM-1.

12.1.4. CDAA-HFD and M1043 modulates ENG protein expression

The expression of ENG protein was analyzed using western blot analysis to investigate the

effect of CDAA-HFD and M 1043 on LSECs. The results showed a significant increase in the level

of ENG protein expression in the CDAA-HFD-fed groups compared to the control group (Figure

14). However, M1043 treatment significantly prevented increase of ENG expression in

CD+M1043 compared to CD+IgG mice (Figure 14). These findings suggest that the M1043 was

able to prevent LSED damage in M1043-injected animals.
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Figure 14. ENG protein expression in mice liver. Densitometric quantification of immunoreactive
bands (top panel: densitometric analysis, control = 100%) was recalculated to the GAPDH signal

(bottom panel: representative immunoblots). All data are shown as median with interquartile

range. Mann-Whitney test, **p < 0.01 (n = 5).

12.1.5. Impact of CDAA-HFD and M1043 on protein expression of VCAM-1
To explore the effect of CDAA-HFD and M1043 on liver damage, the expression of
VCAM-1 protein was measured in liver samples using western blot analysis. The results showed a
significant up-regulation of VCAM-1 in CDAA-HFD-fed mice compared to the control mice

(Figure 15), suggesting liver damage induced by the CDAA-HFD diet. On the other hand, M1043
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treatment significantly increase in VCAM-1 expression in CD+M1043 compared to CD+IgG mice

(Figure 15), suggesting LSEC damage was prevented in M1043-injected mice.

VCAM-1 protein expression

| == |
1500 =
. % %k . % %k |
1 11 1
[ |
g 1000 =
=
=}
()
-
° 500 = . ﬁ
X

150 o
100
50
0 |

Citrl CD+IgG CD+M1043

VCAM-1 D S . e .

GAPDH | - e S S a—

Ctrl CD + IeG CD + M1043
Figure 15. VCAM-1 protein expression in mice liver. Densitometric quantification of
immunoreactive bands (top panel: densitometric analysis, control = 100%) was recalculated to
the GAPDH signal (bottom panel: representative immunoblots). All data are shown as median

with interquartile range. Mann-Whitney test, ** p < 0.01 (n = 5).
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12.1.6. Effect of CDAA-HFD and M1043 treatment on protein Expression of ICAM-
1

The effect of CDAA-HFD and M 1043 on liver damage was investigated by measuring the
expression of ICAM-1 proteins in liver samples using western blot analysis. The results showed a
significant increase in the protein expression of ICAM-1 in the CDAA-HFD mice compared to the
chow-fed group, suggesting LSEC impairment in CDAA-HFD-fed mice (Figure 16). Similarly, as
in previous proteins, M1043 treatment significantly prevented increase in ICAM-1 expression in
CD+M1043 compared to CD+IgG mice (Figure 16), proposing possible protection of M1043

against LSEC development.
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Figure 16. ICAM-1 protein expression in mice liver. Densitometric quantification of
immunoreactive bands (top panel: densitometric analysis, control = 100%) was recalculated to

the GAPDH signal (bottom panel: representative immunoblots). All data are shown as median

with interquartile range. Mann-Whitney test, ** p < 0.01 (n = 5).
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13.Discussion

The current study investigated the impact of CDAA-HFD on mice liver and evaluated the
potential therapeutic effects of anti-ENG monoclonal antibody, M1043, as a novel therapeutic
agent on NASH changes. The manifestation of ENG has been established in HSCs, Kupffer and
endothelial cells previously [13]. Our findings have significant implication for understanding the
pathogenesis of liver injury induced by CDAA-HFD and the potential role of M1043 on LSED in
NASH changes. The study provides a comprehensive assessment of both functional and molecular
aspect of liver injury, shedding light on the complex interplay between diet-induced liver damage
and the therapeutic intervention with M1043.

Our results indicated that CDAA-HFD induced liver injury, as evidenced by significant
increase in plasma levels of liver enzymes (ALT and AST), which are indicative of liver
impairment. In addition, the study showed that M 1043 treatment did not significantly affect ALT
and AST levels in CDAA-HFD-fed mice, suggesting that it may not have a substantial impact on
mitigating liver injury within this experimental framework, unless extended treatment durations
are implanted.

Moreover, the study delves into the molecular mechanisms underlying LSED, a key aspect
of hepatic injury. The western blot analysis revealed that CDAA-HFD leads to and upregulation of
LSED markers, including ENG, VCAM-1, and ICAM-1. Importantly, M1043 treatment was found
to significantly decrease the protein expression of these LSED markers in CDAA-HFD mice,
indicating its potential to attenuate LSED damage and mitigate liver injury.

CDAA-HFD has been utilized to mimic human NASH in mice to recapitulate the

accumulation of fat in the liver (steatosis), inflammation, and liver cell damage, which can lead to
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fibrosis and eventually cirrhosis or liver cancer [60]. Interestingly, it has been demonstrated that
CDAA-HFD shows a close resemblance of pathology to human’s NASH [58].

M1043 (monoclonal rat anti-mouse ENG antibody) is a monoclonal antibody, specifically
targeted against mouse ENG, a type III TGFP co-receptor. The M1043 antibody was created to
compete with mouse BMP binding and has been studied in mouse models to mimic the anticipated
effect of such antibody in humans [69].

The CDAA-HFD diet in this study led to an increase in the expression of ENG in LSECs,
consistent with the findings of Eissazadeh et al. (2023), who observed a similar increase in ENG
expression in the same mouse model of diet-induced NASH [75]. Furthermore, several other
studies have highlighted the involvement of ENG in the development of endothelial dysfunction
and inflammation by facilitating leukocyte transmigration in various organs. For instance, Rossi et
al. demonstrated that a decrease in ENG expression led to reduced inflammation-induced
transendothelial migration of leukocytes, indicating the significant role of ENG in this process,
which is a characteristic feature of endothelial dysfunction in organs such as the peritoneum or
lungs [76]. It has been shown that blocking ENG with TRC105 inhibited invasion of cancer
associated fibroblast (CAF) in vitro. Additionally, specific targeting of ENG in CAFs with
TRCI105 decreases the metastatic spread of colorectal cancer cells to the liver in mice [77].
Targeting malignant peripheral nerve sheath tumors with ENG-neutralizing antibodies
(TRC105/M1043) resulted in a reduction of tumor growth and metastasis in xenograft models.
This effect was achieved by attenuating tumor cell proliferation and angiogenesis [78]. Moreover,
Tripska et al. demonstrated that blocking ENG with TRC105 can mitigate the endothelial
dysfunction induced by hypercholesterolemia and hyperglycemia in human aortic endothelial cells

[8]. All these studies suggest important role of ENG in endothelial dysfunction and sinusoidal
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endothelial dysfunction. In our study, we observed a prevention of CDAA-HFD induced increase
of ENG protein expression after four weeks of treatment with M 1043, indicating successful effects
of anti-ENG antibody which might indicate alleviation of LSED development after M1043
treatment.

In order to establish LSED development, we examined the expression of VCAM-1 and
ICAM-1, recognized as biomarkers indicative of endothelial dysfunction progression [79]. We
observed a significant upregulation of VCAM-1 in LSECs during the advancement of NASH [50]
. Previous investigations have shown that the specific depletion of VCAM-1 in endothelial cells
improved liver inflammation and reduced the infiltration of macrophages in carbon tetrachloride
(CCl4)-induced liver NASH and fibrosis [80]. In alignment with these findings, our study revealed
an increased expression of VCAM-1 in NASH mice, indicating its involvement in LSED. Indeed,
we observed a reduced in VCAM-1 protein levels after four weeks of M 1043 treatment suggesting
that M 1043 prevents CDAA-HFD induced increase of VCAM-1 in vivo. These results suggest that
blocking ENG could effectively lower VCAM-1 levels, an inflammation marker linked to
endothelial dysfunction, proposing M 1043 antibody as a promising treatment for NASH changes.

ICAM-1 is a glycoprotein situated on the cellular membrane, function as an adhesive
molecule pivotal in orchestrating inflammatory processes. It is involved in recruitment of immune
cells to the inflamed locale functionally [6]. Furthermore, ICAM-1 assumes a significant role in
governing inflammatory reaction and facilitating cellular interaction [81]. Based on our results,
protein expression of ICAM-1 has been upregulated in NASH animals compared to control group,
proposing its participation in NASH enhancement. Similarly, as for ENG and VCAM-1, M1043

treatment prevented the protein expression of ICAM-1 increase in CDAA-HFD mice, suggesting
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the potential of this monoclonal antibody as an effective approach for mitigating NASH
development.
However, further research is warranted to elucidate the precise mechanisms underlying the

observed effect and to evaluate the translational potential of M1043 as a therapeutic agent for liver

injury.
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14.Conclusion

The study delved into the impact of CDAA-HFD on mouse liver and explored the
therapeutic potential of the ENG monoclonal antibody, M1043, as a novel treatment for NASH.
The finding significantly enhances our understanding of liver injury by CDAA-HFD and shed light
on M1043’s potential in mitigating LSED. The research comprehensively evaluated both
functional and molecular aspects of liver injury, emphasizing the intricate relationship between
diet-induced liver damage and therapeutic intervention with M1043.

The results revealed that CDAA-HFD led to liver injury, evidenced by a notable increase in
plasma levels of liver enzymes (ALT and AST), indicating liver impairment. M 1043 treatment did
not markedly impact ALT and AST levels in NASH mice in this study. Additionally, the study
explored the molecular mechanisms underlying LSED, showing an upregulation of LSED markers,
including ENG, VCAM-1, and ICAM-1 in CDAA-HFD fed mice. Interestingly, M1043 treatment
significantly prevented CDAA-HFD induced increase in the protein expression of these LSED
markers, suggesting its potential to alleviate LSED damage and mitigate liver injury.

We can conclude that our research outcomes align with prior studies indicating ENG’s
involvement in endothelial dysfunction and inflammation across various pathologies. Moreover,
our findings propose that blocking ENG with M1043 could effectively decrease protein expression
of ENG, marker of endothelial dysfunction, VCAM-1 and ICAM, biomarkers of inflammation
associated with endothelial dysfunction, offering M1043 as a potential therapeutic intervention for

NASH development.
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