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CHAPTER 1

General introduction, aims, and outline of the thesis



Pancreatic cancer

Pancreatic cancer is the twelfth most common cancer worldwide, accounting for
approximately 2.6% (495,773) of new cancer cases and resulting in 466,003 deaths globally in
2020 (Figure 1) [1]. The global burden of pancreatic cancer has doubled over the past two
decades and it was ranked as the seventh most common cause of cancer-related mortality
worldwide in 2020. In the Netherlands, the age-standardized rates (ASR, per 100,000 persons-
years) of incidence and mortality are 7.4 and 7.0, respectively (Figure 2). The risk factors for
developing pancreatic cancer include modifiable factors such as smoking, alcohol, obesity,
dietary factors, and exposure to toxic substances, and non-modifiable factors such as sex, age,
ethnicity, diabetes mellitus, family history of pancreatic cancer, genetic factors, chronic
infections, non-O blood group and chronic pancreatitis [2]. The incidence and mortality of
pancreatic cancer rise dramatically with age. Given the aging population and lifespan increases,
the incidence of pancreatic cancer is expected to grow remarkably worldwide, with an
expected number of 801,634 new cases by 2040 (Figure 3A), more than 1.6 times the number
of new cases in 2022.

A Estimated number of new cases in 2020, worldwide, both sexes, all ages B Estimated number of deaths in 2020, World, both sexes, all ages
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Figure 1: Incidence (A) and mortality (B) of different cancers worldwide in 2020.

(https://gco.iarc.fr/today/home)
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Figure 2: Incidence (A) and mortality (B) of pancreatic cancer in Europe in 2020. Age-

standardized rates (ASR) (https://gco.iarc.fr/today/home)

In the past decades, several diagnostic strategies have been explored for the early screening

of pancreatic cancer, including the use of blood-based biomarkers such as carbohydrate

antigen 19-9 (CA19-9) [3, 4] carcinoembryonic antigen (CEA), and elastase 1 [5], imaging-based

techniques such as magnetic resonance imaging (MRI), computed tomography (CT), positron

emission tomography/computed tomography (PET-CT), and endoscopic ultrasonography

(EUS), and DNA-based molecular techniques [6]. However, these strategies are still relatively



A Estimated number of new cases from 2020 to 2040, Both sexes, age [0-85+] B Estimated number of deaths from 2020 to 2040, Both sexes, age [0-85+]
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Figure 3: Estimated number of new pancreatic cancer cases (A) and number of deaths from

pancreatic cancer (B) worldwide from 2020 to 2040. (https://gco.iarc.fr/today/home)

ineffective for early diagnosis, and also because of the lack of early disease-specific symptom:s,
more than 80% of the patients are still diagnosed only after developing advanced or
metastatic disease. Currently, the first-line treatment for patients with resectable pancreatic
tumors (10-20%) is surgery followed by adjuvant chemotherapy, with a 5-year survival rate of
30%. For patients with borderline resectable and/or locally advanced unresectable pancreatic
cancer, neoadjuvant treatment is recommended in the guidelines. In the setting of metastatic
pancreatic ductal adenocarcinoma (PDAC), which represents about 90% of pancreatic
neoplasms, FOLFIRINOX and nab-paclitaxel plus gemcitabine are considered first-line
treatment options in patients with good performance status. Furthermore, the use of
nanoliposomal irinotecan, 5-fluorouracil and folinic acid combination therapy in second-line
therapies has been approved to prolong survival after first-line treatment failure. Beyond
traditional treatments, several alternative therapies such as immunotherapy and gene
therapy are being explored in clinical studies. Despite the improvement in surgical and medical
management, the overall 5-year survival rate of patients with pancreatic cancer is still lower

than 10% worldwide.

Cancer cachexia
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The term “cachexia” originates from the combination of two Greek words kakog (“bad” or
“injurious”) and £€(¢ (“act of having” or “state of body”) [7]. Cancer cachexia is a metabolic
and multifactorial syndrome characterized by involuntary reduction of body weight (mainly
skeletal muscle and fat mass), which ultimately leads to poor quality of life, resistance to anti-
cancer treatment, and cancer-related morbidity and mortality [8, 9]. Before 2011, several
definitions of cancer cachexia had been proposed considering weight loss, inflammation,
anorexia, anemia, and fatigue, but no agreed consensus definition of cancer cachexia existed
in the literature and clinical practice. In 2011, an international consensus statement specific
to cancer cachexia was published, in which cancer cachexia was defined as “a multifactorial
syndrome characterized by ongoing loss of skeletal muscle mass (with or without loss of fat
mass), that is not fully reversible using conventional nutritional support and that eventually
leads to functional impairment” [9]. More specifically, the cancer cachexia diagnosis was
reserved for cancer patients who experienced more than 5% body weight loss in the previous
6 months without starvation or more than 2% weight loss in patients with either a body-mass
index (BMI) <20 or sarcopenia. In addition, a framework for defining cachexia stages (pre-
cachexia, cachexia, refractory cachexia) was introduced at the same conference and was
evaluated in an international multicentre project (EPCRC-CSA) in 2014 [10]. Early metabolic
changes, weight loss (<5%), and anorexia may already happen pre-diagnosis of cachexia, in a
stage referred to as pre-cachexia. Although nutritional interventions may help in alleviating
symptoms of pre-cachexia, most patients continue to lose body weight and develop cachexia.
Cachectic patients usually progress to refractory cachexia when anticancer treatments are no
longer effective to control tumor growth. Once patients enter the refractory cachexia stage,

it is generally considered irreversible, and death occurs within three months [9].

Cancer cachexia affects up to 80% of patients with advanced or metastatic cancer and has
been estimated to account for 20% of all cancer-related deaths [11]. The prevalence of cancer
cachexia varies depending on the cancer site, cancer stage, genotype, body mass index (BMI),
and age. The prevalence of cancer cachexia is approximately 67% in pancreatic cancer, 60% in
gastro-oesophageal cancer, and 49% in head/neck cancer, with corresponding weight loss
percentages of 13.7%, 13.4%, and 9.5%, respectively [12]. In the past few years, several
therapeutic strategies for cancer cachexia have been proposed, including multimodal care,

pharmacologic treatment, nutrition, and exercise. From all these different strategies, the

11



provision of nutritional supplementation is still a mainstay of treatment. However, its
therapeutic effect varies, with some clinical studies reporting clear benefits while others
reporting little to no amelioration in body weight or quality of life [13]. To date, clinically
meaningful care guidelines and effective treatment for patients with cancer cachexia remain

lacking.

Inter-tissue communication in cancer cachexia

It is generally accepted that cancer cachexia is a multiorgan disorder. Except for skeletal
muscle and adipose tissues, the immune system as well as multiple organs including the brain,
pancreas, liver, heart, bone, and gut are also affected during cachexia progression. Several
interactions between tumor and host-organs are thought to occur earlier than the clinical
manifestation of cancer cachexia. As shown in the hypothetical Figure 4, the immune system
acts as a line of defense in response to tumor growth, which may lead to systemic
inflammation [14]. In the early stages of cancer cachexia, an increase in gluconeogenesis and
acute phase protein synthesis by hepatocytes has been reported, the latter of which could
lead to decomposition of muscle proteins resulting in muscle wasting. The pancreas has the
dual function of releasing digestive enzymes via exocrine ducts to digest lipids, carbohydrates,
and protein [15] and secreting hormones like insulin and glucagon to control glucose
homeostasis [16]. Pancreatic exocrine insufficiency was found in up to 90% of patients with
pancreatic head tumors, leading to poor nutrient uptake and malnutrition [16], the latter of
which often occurs in cachectic patients. Furthermore, 75% of patients with pancreatic cancer
have compromised endocrine function [17], leading to insulin resistance that, in general, has
been reported to gradually increase with the development of cancer cachexia [18, 19]. Loss of
appetite (anorexia) is another early event in cachexia. Studies in mouse models of cancer
cachexia have revealed that tumor-derived mediators such as growth differentiation factor 15
(GDF-15), insulin-like peptide 3 (INSL3) as well as bone-derived LCN-2 can induce anorexia by
activating their receptors in hypothalamus of the brain that regulates feeding behaviors. In
addition, tumor-derived catabolic factors such as interleukin 6 (IL-6), tumor necrosis factor-
alpha (TNF-a), and interleukin 1 beta (IL-1B) promote lipolysis of adipose tissue resulting in
the release of free fatty acids into the bloodstream, which benefits tumor growth and

metastasis. Moreover, a switch from white to brown adipose tissue has been reported in a
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mouse model of cancer cachexia [20], which is also an early event in the pathophysiology of
cachexia and triggered by systemic inflammation/IL-6 [20], and tumor-derived parathyroid
hormone-related protein (PTHrP) [21]. The cross-talk between adipose tissue and muscle
further aggravates muscle wasting. Finally, gut barrier dysfunction has also been associated
with cancer cachexia. For instance, increased gut permeability and gut microbiota dysbiosis
are often observed during the development of cachexia. Although a recent study suggests that
gut barrier dysfunction occurs at the onset of cachexia [22], further investigations are required
to confirm this.

Endocrine/exocrine
dysfunction

Insulin resistance ~ Anorexia I

Impaired barrier
Systemic T function and microbiota
inflammation

Crosstalk % . % Pancreas Brain %
o % Y
\

Gut

\ \ N

\ P N

7 \7#_’ ‘ (|
1| A

/

I

Tumor leer' Adipose tissue Muscle Cachexia
’ OO Atrophy and weakness
Gluconeogenesis I A Proteolysis |
Acute phase proteins Browning Insulin resistance
Lipolysis '
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Figure 4: Multiple organs are involved in the development of cancer cachexia. The crosstalk
between tumor cells and host immune cells releases different factors, including but not
limited to pro-inflammatory cytokines, leading to systemic inflammation. This influences many
organs such as liver, pancreas, adipose tissue, brain, skeletal muscle, and gut, which are
involved in the progression of cancer cachexia. In liver, the secretion of hepatic acute-phase
proteins can be driven by systemic inflammation related molecules such as IL-6 and TNF-a [23,
24], leading to an acute phase response and increased energy expenditure. Furthermore,
impaired insulin signaling [19] and increased plasma amino acids concentrations from protein
degradation in muscle [25] can promote hepatic gluconeogenesis, thereby contributing to
cachexia. Impairments of the endocrine/exocrine pancreatic functions have been seen in
many cancer patients, especially pancreatic cancer, resulting in decreased insulin sensitivity
associated with the cachectic process [26]. Adipose tissue and skeletal muscle are the most

investigated tissues in cachexia; tumor-derived molecules can directly elicit catabolism in
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these tissues, resulting in lipolysis of white adipose tissue and proteolysis and atrophy of
skeletal muscle. Increased circulating tumor-released mediators such as TNF-a, IL-6, and IL-1
are also able to induce loss of appetite (anorexia) by impairing hypothalamus functions [27,
28]. In the gut, barrier dysfunction and changes of gut microbiota are often seen in cancer
patients due to cancer treatment, giving rise to further systemic inflammation and muscle

atrophy via the activation of the NF-«kB pathway [29-31].

Inflammation in cancer cachexia

Systemic inflammation is a hallmark of cancer cachexia and plays a central role during its
progression. The systemic inflammation may originate from the tumor cells, tumor tissue
infiltrating immune cells, and/or native host tissue infiltrating immune cells. Currently, tumor-
derived pro-inflammatory cytokines have been mostly explored as the main culprits leading
to systemic inflammation in cachexia. In the context of cachexia, previous studies have shown
systemic inflammation with the ability to affect the function of several tissues including
skeletal muscle, adipose tissue, liver, gut, and brain [32, 33]. Pro-inflammatory cytokines such
as IL-6, TNF-a, and IL-1B are often observed in cachexia, and elevated circulating levels of
these cytokines have been associated with body weight loss and muscle wasting. For instance,
Baltgalvis and colleagues have demonstrated that IL-6 is important for the development of
cachexia in the ApcM™* mouse cancer model as evidenced by the fact that genetic deletion of
IL-6 rescued muscle and fat loss in this model characterized by high levels of circulating IL-6
[34]. Furthermore, both in vivo and in vitro studies have revealed that IL-6 induces muscle
atrophy through the activation of nuclear factor-kB (NF-kB) and Janus kinase (JAK)-signal
transducer and activator of transcription (JAK/STAT) pathways. Except for their metabolic
functions in regulating muscle mass, systemic inflammation and IL-6 are also involved in
regulating white adipose tissue browning in cachexia. For example, Petruzzelli and colleagues
showed a significantly higher mRNA expression of browning markers such as uncoupling
protein 1 (UCP1), peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a), peroxisome proliferator-activated receptor gamma (PPARG), and cell death
inducing DFFA like effector A (CIDEA) in axillary and inguinal white adipose tissue from

cachectic mice as compared with controls. In the same study, silencing tumor-derived IL-6 or
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pharmacological inhibition of IL-6 blocked the increased UCP1 protein expression in

subcutaneous fat and rescued the cachectic phenotype of the mice [20].

C reactive protein (CRP), an acute phase protein, is routinely measured in the clinical setting
as a marker of systemic inflammation. In the past decades, emerging evidence revealed that
elevated circulating CRP is associated with poor prognosis in patients with various types of
cancer including lung, liver, melanoma, lymphoma, ovarian, colorectal, and pancreatic tumors.
Furthermore, increased circulating CRP levels have been consistently reported to be
associated with weight loss, anorexia, and fatigue in patients with chronic disease, suggesting
a close relationship between circulating CRP levels and cancer cachexia [35, 36]. Interestingly,
a well-recognized regulator of CRP is IL-6, which is known as a pro-cachectic factor, as
described above. IL-6 initially activates the STAT3 pathway, leading to an increase in STAT3
protein. Together with CCAAT/enhancer binding proteins (C/EBP), STAT3 binds to the proximal
region of the CRP promoter, resulting in increased CRP expression [37]. Although circulating
CRP has been proposed as a diagnostic biomarker of cancer cachexia [35, 38], no direct effect
of CRP on muscle wasting has been reported and the role of CRP in the development of cancer

cachexia is incompletely understood.

Innate immune system

It is widely recognized that the immune system can mobilize immune cells in response to
pathogenic infections or tumorigenesis. At present, the link between immune system
activation and cancer cachexia has yet to be fully explored, however, a body of studies has
shown that multiple immune cell populations such as macrophages, neutrophils, and myeloid-
derived suppressor cells are involved in the progression of cancer cachexia [39, 40].
Macrophages are highly plastic cells that can polarize into either pro-inflammatory
macrophages (M1 phenotype) or anti-inflammatory macrophages (M2 phenotype) in
response to their micro-environment. M1 macrophage polarization is induced by exposure to
T-helper type-1 cytokines such as interferon-y (IFN-y), TNF-a, as well as by exposure to
lipopolysaccharide (LPS) [41]. Macrophages with this phenotype promote a proinflammatory
Th1 response by secreting TNF-a, IL-1B, interleukin 12, and interleukin 23 (IL-12 and IL-23)
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[42], and play a vital role in antitumor activity [43, 44]. In contrast, M2 macrophage
polarization is driven by the stimulation with Th2 cytokines such as interleukin 4 (IL-4),
interleukin 10 (IL-10), interleukin 13 (IL-13), or immune complexes [45] and is associated with
immunosuppression, tumorigenesis, wound healing, and elimination of parasites [46]. As a
key component of the innate immune system, macrophage polarization serves a crucial role
in controlling the balance between pro-inflammatory and anti-inflammatory reactions. In the
PDAC microenvironment, tumor-associated macrophages are particularly abundant immune
cells that create an immunosuppressive environment by producing cytokines, growth factors,
and secreting chemokines. A study in human PDAC patients has shown an inverse correlation
between CD163 positive (M2) macrophages and muscle-fiber cross-sectional area [47]. In the
same study, reduced myotube thickness and protein content after exposure to a combination
of conditioned medium from M2-polarized macrophages and C57BL/6J-congenic KPC mouse-
derived pancreatic tumor cells were observed [47]. Of note, a study in a mouse model of
hepatocellular carcinoma showed a protective effect of macrophages against the loss of
adipose tissue during cancer cachexia [48], highlighting the complex role of macrophage

biology in cachexia-associated metabolic alterations.

Neutrophils, also known as polymorphonuclear leukocytes or neutrophilic granulocytes, are
the most common type of white blood cells in the circulation of humans (up to 70% of all white
blood cells). Like macrophages, neutrophils also belong to the innate immune system and play
an important role in the host defense against invading pathogens. In the tumor
microenvironment, neutrophils can display considerable plasticity in response to
environmental signals. Previous studies have suggested two distinct phenotypes of
neutrophils in the tumor microenvironment, i.e. an immunostimulatory (N1-like) and an
immunosuppressive (N2-like) phenotype. Transforming growth factor-beta (TGF-B) plays a key
role in regulating the direction of this neutrophil polarization. Neutrophils polarize to the N2
phenotype upon continuous stimulation of TGF-B, whereas a shift towards the pro-
inflammatory phenotype (N1) occurs following blockage of TGF-B. N1 neutrophils exhibit
highly cytotoxic activities to kill tumor cells and release pro-inflammatory cytokines, such as
IL-12, TNF-a, and C-X-C motif chemokine ligand 10 (CXCL10) [49], which enhance the effect of
neutrophils killing tumor cells. In contrast, N2 neutrophils exhibit a tumor-promoting activity

and produce various factors such as reactive oxygen species (ROS) [50], neutrophil elastase
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(NE) [51], and matrix metalloproteinase (MMPs) [52], the latter of which plays a vital role
during tumor invasion and metastasis. Although neutrophils were initially considered to have
a defensive function against tumor cells [53-56], accumulating evidence revealed the
prominent role of neutrophils in infiltrating tumor tissues to promote their growth, invasion,
angiogenesis, and metastasis in various types of cancers. For instance, elevated neutrophil
extracellular traps (NETs) were observed in metastatic liver tumors compared with benign
liver tumors [57]. In the same study, neutrophils co-cultured with pancreatic cancer cells
(PANC-1, MIAPaCa-2) induced high levels of NETs, which enhanced cancer migration and

invasion [57].

Another key player of the innate immune system is the complement system. It was discovered
more than 100 years ago and known as an ancient defense mechanism against invading
pathogens. In addition to the classic complement factors C1-C9, the complement cascade
comprises over 50 plasma and cell surface proteins [58-60]. The complement system can be
activated through the ‘canonical’ pathways (classical, lectin, or alternative) that converge at
the cleavage of C3 and lead to the generation of diverse immune effectors [61]. The classical
pathway is initiated by immunoglobulin G (1gG) and Immunoglobulin M (IgM) -containing
immune complexes binding to complement component 1q (Clq), which results in the
activation of complement component 1r (Clr) and complement component 1s (Cls). A
subsequent cascade in the cleavage of C2 and C4 leads to the formation of C4b2a (a C3
convertase). The lectin pathway is triggered after the recognition by collectins (mannose-
binding lectin (MBL), collectin 11 (CL-K1), or ficolins) of carbohydrate ligands on the surface of
pathogens or damaged or necrotic cells [62]. Different from the classical and lectin pathways,
activation of the alternative pathway does not require specific pathogen recognition. Given a
low level of spontaneous hydrolysis of C3, the alternative pathway is constitutively active at
low levels to amplify the deposit of C3 activation fragments [63-65]. To prevent damage to
healthy tissue, activation of the complement system is strictly regulated. Indeed, aberrant
complement activation has been linked to the pathogenesis of a wide range of disorders
including Crohn's disease, periodontal diseases, autoimmune diseases, Alzheimer’s syndrome,
and schizophrenia atypical hemolytic-uremic syndrome [66]. Besides the functions of the
complement system in the maintenance of host homeostasis and host defense against

pathogens, it is also involved in regulating tumor growth and metastasis. Although activation

17



of the complement system has long been implicated in tumor immunosurveillance and anti-
tumor immunity, recent evidence has demonstrated a role of complement activation in
malignancy progression [67]. For instance, elevated complement proteins such as
C3/C3a/C3aR were found in several common human malignancies including colon cancer,
melanoma, lung cancer, gastric cancer as well as pancreatic cancer [68]. A study in a mouse
model of PDAC also demonstrated that complement contributes to cancer progression
through the C3a-C3aR axis [69]. Furthermore, complement activation can promote neutrophil
recruitment and neutrophil chemotaxis within malignancies [70, 71]. While it is known that
cachexia is highly associated with advanced stage malignancies and that complement system
activation contributes to cancer progression and malignant progression, the role of the

complement system in the progression of cachexia is still unexplored.

Anorexia—cachexia syndrome

Anorexia, also known as loss of appetite, affects up to 90% of patients with advanced cancer
and is common in patients with cachexia [72-75]. In general, the causes of anorexia can be
categorized as central mechanisms including pain, depression, and hypothalamic
inflammation, and peripheral mechanisms including chemotherapy-induced nausea, tumor-
induced dysphagia, and tumor-released cytokines. To date, the exact cause of anorexia is still
incompletely understood, but multiple factors have been considered to contribute to this
phenomenon. For example, several studies in experimental animals have revealed that
cytokines released from both cancer cells and host immune cells such as IL-1, IL-6, TNF-a, LCN-
2, and GDF-15 alter the activity of appetite regulating-related neurons in the brain resulting in
appetite suppression [76, 77]. Elevated circulating IL-1, IL-6, TNF-a, LCN-2, and GDF-15 were
also associated with muscle or fat loss [78, 79]. Among these cytokines, GDF-15 and LCN-2
represent promising intervention targets for the treatment of the anorexia—cachexia
syndrome. In 2017, several groups simultaneously identified glial cell-derived neurotrophic
factor receptor a-like (GFRAL) specifically expressed in the hindbrain as the receptor of GDF-
15. Administration of GDF-15 to mice with obesity induces rapid neuronal activation at the
hindbrain and hypothalamus, resulting in weight loss and anorexia. Conversely, anorexia—
cachexia syndrome was reversed by a GDF-15 neutralizing antibody in mice bearing tumors

[80]. Furthermore, studies in mice showed that osteoblast-derived LCN-2 induces appetite loss
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by crossing the blood-brain barrier and binding to the melanocortin 4 receptor (MC4R) in the
hypothalamus [81]. In the context of cancer cachexia, elevated circulating LCN-2 levels were
reported in a mouse model of pancreatic cancer cachexia and were associated with reduced
food consumption; LCN-2 gene deletion mitigated pancreatic cancer cachexia—anorexia [82].
In the same study, a significant inverse correlation between circulating LCN-2 levels and
visceral fat and skeletal muscle mass loss was reported in patients with pancreatic cancer,
implying a potential role of LCN-2 in regulating appetite in cancer patients with cachexia. So
far, several GDF-15 antibodies including NGM120, CTL-002, and PF-06946860 are being tested
in clinical trials of patients with advanced cancer, the latter of which is specific for the
treatment of cachexia-anorexia symptoms [76]. Several MC4R agonists have also been tested
in clinical trials for obesity therapy. However, whether pharmacologic suppression of LCN-

2/MCA4R signaling prevents cachexia-anorexia symptoms remains to be explored in humans.

Cancer cachexia-associated muscle wasting and myosteatosis

Skeletal muscle loss is a key feature of cancer cachexia which is associated with muscle
weakness and fatigue. Accumulating evidence revealed that metabolic alterations, including
decreased protein synthesis, excessive protein degradation, and abnormal amino acid
metabolism contribute to muscle wasting [83]. In a small study, Fearon et al. reported a
staggering 75% reduction in muscle protein of patients with cachexia as compared to normal
subjects [84]. Insulin growth factor-1 (IGF-1), one of the most important mediators in the
regulation of protein turnover, can stimulate skeletal muscle protein synthesis via activation
of phosphoinositide-3-kinase (PI3K)-Akt/(mammalian target of rapamycin (mTOR) and
glycogen synthase kinase 3 (GSK-3)) pathways, counteracting muscle atrophy. In animal
models of cancer cachexia, decreased circulating IGF-1 has been reported [85, 86]. Similarly,
patients with heart failure and cardiac cachexia have been reported to have low circulating
concentrations of IGF-1 in comparison with patients with heart failure but without cachexia
[871]. Interestingly, pancreatic tumors overexpress insulin-like growth factor binding protein 3
(IGFBP3), which can bind to the insulin-like growth factor IGF-1 and lead to inhibition of insulin
and IGF-1 signaling. Furthermore, a recent study using matrix-assisted laser
desorption/ionization mass spectrometry imaging demonstrated metabolic derangements,

especially in certain amino acids, in skeletal muscle from both mouse models of cachexia and
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patients with cancer [88]. A significant increase in lysine, arginine, proline, and tyrosine was
reported, which were mostly released by the breakdown of proteins involved in oxidative

phosphorylation [88].

In addition, multiple factors such as tumor-derived catabolic proteins (activin and myostatin)
and pro-inflammatory cytokines arising from tumor-immune system crosstalk (TNF-a, IL-1pB,
GDF-15, and IL-6) also contribute to cancer-associated muscle loss. These factors directly elicit
catabolism in target tissues such as skeletal and cardiac muscle. In skeletal muscle, pro-
inflammatory factors and tumor-derived catabolic factors promote muscle wasting via two
well-known intracellular signaling pathways, the NF-kB and p38 mitogen-activated protein
kinases (MAPK) pathways. In the NF-kB pathway, pro-inflammatory factors TNF-a and IL-1
induce upregulation of the expression of E3 ligases muscle RING finger-containing protein 1
(MURF1, also known as TRIM63) and Atrogin 1 (also known as FBX032). These ligases mediate
proteolysis of myofibrillar protein. [89]. For instance, previous studies have shown that
exposure of C2C12 myotubes to TNF-a leads to activation of NF-kB signaling [90-92].
Accordingly, inhibition of NF-kB activation by pharmacologic and muscle-specific genetic
deletion of NF-kB both alleviated muscle wasting in tumor-bearing mice [93, 94]. p38 MAPK is
a member of the MAPK family that plays a critical role in many biological processes, including
cell proliferation, differentiation, and apoptosis. Upon inflammatory stimuli (e.g. TNF-q, IL-1),
the p38 MAPK cascade gets activated and results in the upregulation of MuRF1 and Atrogin-1
[95].

Fat infiltration in skeletal muscle is frequently referred to as myosteatosis. It is defined by the
ectopic accumulation of fat in skeletal muscle which may occur as intermuscular adipose
tissue, intramuscular adipose tissue, as well as intramyocellular lipids. Although myosteatosis
is often associated with sarcopenia (low skeletal muscle mass), they represent different
aspects of skeletal muscle status. In particular, sarcopenia reflects muscle quantity, and
myosteatosis reflects muscle quality. Stretch and colleagues described that sarcopenia and
myosteatosis are two different muscle-wasting diseases accompanied by distinct biological
profiles (body compositions, gene expression, and metabolites) in patients with pancreatic
cancer [96]. Sarcopenia and myosteatosis are also associated with several other diseases

including type 2 diabetes, cirrhosis [97], and non-alcoholic fatty liver disease (NAFLD) [98, 99],
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as well as other types of cancer [100]. In clinical studies, a large body of evidence showed that
myosteatosis was prognostic for poor overall survival in patients with cancer, as reviewed by
Aleixo et al. [101]. Myosteatosis can be determined either by invasive techniques like muscle
biopsy or by noninvasive techniques such as cross-sectional magnetic resonance imaging
(MRI) or computed tomography (CT). Given the noninvasive nature of CT, it has been widely
used for the diagnosis of myosteatosis by measuring skeletal muscle radiation attenuation
(MRA) expressed in Hounsfield units (HU). However, there is no consensus cutoff value for the
diagnosis of myosteatosis in patients with cancer, and various cutoff values have been well-
reviewed by Aleixo et al. In the same review, it was reported that 20 out of 40 studies used
the cutoff value suggested by Martin et al. in 2013 [102], proposing that cancer patients with
MRA below 41 HU and BMI < 25 kg/m? or MRA <33 HU and BMI >25 kg/m? should be diagnhosed
with myosteatosis. In the context of cancer cachexia, Stephen and colleagues reported that
lipid accumulation in skeletal muscle increases with the development of cancer cachexia. In
particular, the numbers and size of intracellular lipid droplets were positively correlated with
weight loss in patients with upper gastrointestinal cancer [103]. Furthermore, a recent study
revealed that the proton density fat fraction of the psoas muscle was negatively correlated
with the severity of cancer cachexia [104]. To date, several mechanisms have been proposed
to be responsible for lipid accumulation in skeletal muscle, such as the dedifferentiation of
skeletal muscle precursor stem cells, mitochondrial dysfunction, as well as disturbed
expression of perilipin-2, a lipid droplet protein [105-107]. However, further studies are

needed to uncover the mechanisms underlying myosteatosis in patients with cancer.

Organoids model

In the past decade, our understanding of the mechanisms underlying cancer cachexia-
associated muscle wasting has been improved by using cancer cell lines and mouse models of
cancer cachexia. Studies using tumor cell lines or mouse models of cancer cachexia have
shown that tumor-derived factors can directly induce muscle wasting. For example, exposure
of C2C12 myotubes to conditioned medium from Capan-1 pancreatic cancer cells leads to
myotube wasting, and IGF binding protein-3 (IGFBP-3) gene deletion in Capan-1 cells or IGFBP-
3 antibody treatment ameliorated conditioned medium from Capan-1 pancreatic cancer cells-

induced muscle-wasting [108]. Likewise, human pancreatic tumor cell-derived interleukin-8

21



(IL-8) was identified to induce muscle atrophy through the CXC motif chemokine receptor 2 -
extracellular signal-regulated kinases 1 and 2 (CXCR2-ERK1/2) axis [109]. Furthermore,
elevated tumorkines IL-6 and activin A have been associated with weight loss in experimental
models [110-112]. Although two-dimensional cancer cell cultures are widely used to identify
novel tumor-derived factors contributing to cachexia-associated muscle wasting, several
limitations of these conventional in vitro systems should be noted. First, monolayer cell
cultures do not display the natural structures of the tumor and are limited by the absence of
extracellular matrix (ECM), cell-ECM interactions, and oxygen and nutrient gradients, which
leads to insufficient modeling of the complex biological tumor characteristics observed in vivo
[113-115]. Second, whereas immortalized cancer cells are commonly thought to be stable,
morphological changes and genetic mutations may happen during long-term culture, resulting
in limited representation of the original tumor from which the cell lines were established [116,
117]. For instance, 2D culturing of human PDAC cells has been reported to result in an
irreversible epithelial-mesenchymal transition [118]. In the context of cancer cachexia
research, the Colon26 (C26) and Lewis Lung Cancer (LLC) mouse models generated by
subcutaneously implanting tumor cells (C26 colorectal cancer cells or Lewis Lung Cancer cells)
into syngeneic mice are widely used [119-124]. In these mouse models, cancer cell growth
results in significant and aggressive loss of body weight and skeletal muscle mass within 1-2
weeks [119, 121, 125, 126], and the tumor mass commonly represents more than 10% of
whole body weight [123, 124], which differs vastly from human patients with cancer cachexia.
Furthermore, a recent study showed that the skeletal muscle of C26 and LLC mouse models
does not reflect the muscle gene expression patterns in PDAC patients [127]. Therefore, new
models with the ability to better recapitulate the original tumor and its downstream impact

on metabolic target tissues are urgently needed.

Recently, organoids have attracted attention because of their ability to mimic tissue
architectures and their representation of key biological properties of parent tissues in vitro.
The term organoids was first introduced in 1946 by Simith and Cochrane [128], but was re-
defined in the last decade by the laboratory of Hans Clevers in the Netherlands [129]. Genuine
organoids should comply with the following criteria: “(1) a 3D structure containing cells that
establish or retain the identity of the organ being modeled; (2) the presence of multiple cell

types, as in the organ itself; (3) the tissue exhibits some aspect of the specialized function of
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the organ; and (4) self-organization according to the same intrinsic organizing principles as in
the organ itself” [130]. Organoids can be established from pluripotent stem cells such as
embryonic stem cells and induced PSCs, but can also be generated from adult stem cells [131].
To date, various normal and tumor organoids have been successfully developed from organs
including liver [132-134], colon [135], kidney [136], ovary [137], prostate [138], esophagus
[139], breast [140], as well as pancreas [141-143]. Given that patient-derived organoid
cultures recapitulate tissue properties in a dish, they hold great promise for drug screening,
personalized medicine, studying cancer progression, and modeling cancer cachexia. In our lab,
Vaes et al. have previously introduced eight pancreatic tumor organoids established from
three non-cachectic PDAC patients and five cachectic PDAC patients. Typical malignancy
features that were in line with the primary tumor characteristics were observed in these
tumor organoids. Furthermore, a set of cachexia-associated proteins including IL-6, TNF-a, IL-

1B, and GDF-15 were expressed by these tumor organoids [141].

Aims of this thesis

In the past decade, our understanding of the importance of inflammation-related mechanisms
for the pathogenesis of cancer cachexia has been vastly improved. However, the role of the
innate immune system during cancer cachexia development is still relatively unexplored.
Therefore, our first aim was to investigate the association between key innate immunity
players, i.e. the complement system and neutrophils, and various aspects of cachexia in PDAC
patients. Our second aim relates to myosteatosis. Despite the strong negative predictive
power of myosteatosis for the survival of patients with cancer, the mechanisms underlying its
development during cancer cachexia are unclear. Several studies have suggested that tumor-
derived factors and inflammation contribute to lipolysis of adipose tissue and skeletal muscle
mitochondrial dysfunction resulting in insulin resistance and muscle atrophy in cancer patients
with cachexia, but whether tumor-derived factors directly promote lipid accumulation in
skeletal muscle remains unknown, as are the mechanisms involved. Thus, we aim to 1) better
characterize myosteatosis in cancer patients with cachexia with and without inflammation,
and 2) to explore the underlying mechanisms by which tumor-derived factors contribute to

lipid accumulation in the skeletal muscle of cancer patients with cachexia.
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Outline of this thesis

In Chapter 2, the levels of key complement factors in pancreatic cancer patients with and
without cachexia and their correlation with systemic inflammation are reported. Chapter 3
examines the relationship between human pancreatic cancer cachexia and neutrophil
activation. It focuses on LCN-2, addressing its association with patient appetite and nutritional
status. Furthermore, the link between neutrophil activation markers, systemic inflammation
and complement activation, as well as specific cachexia features is described. In Chapter 4,
the intramyocellular lipid content of pancreatic cancer patients with and without cachexia and
inflammation is investigated. Innovative mass-spectrometry imaging approaches are used to
assess the nature and distribution of intramyocellular lipids in these patients, and their link
with cachexia and inflammation. The mechanisms underlying lipid accumulation in the skeletal
muscle of pancreatic cancer patients with cachexia are investigated in Chapter 5 using
pancreatic tumor organoids and an in vitro skeletal muscle cell model. Finally, in Chapter 6,
the findings of this thesis are summarized and discussed, and future perspectives are

provided.

Pancreatic cancer cachexia
ae ,ﬂ o A .
wTr From systemic inflammation to myosteatosis

Activation of the complement Identification of intramyocellular lipid alterations in

system in patients with human pancreatic cancer cachexia by
cancer cachexia mass-spectrometry imaging
(Chapter 2) (Chapter 4)
i
‘8
L&D
Elevated systemic lipocalin-2 levels are associated with The pancreatic tumor organoid secretome of cachectic
neutrophil activation and nutritional status patients promotes lipid accumulation
in pancreatic cancer patients in skeletal muscle cells
(Chapter 3) (Chapter 5)

General discussion
(Chapter 6)

Figure 5: Thesis outline

24



References

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

GLOBAL CANCER OBSERVATORY. https://gcoiarcfr/today/home 2022;

Rawla P, Sunkara T, Gaduputi V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology
and Risk Factors. World J Oncol 2019; 10: 10-27.

Ballehaninna UK, Chamberlain RS. The clinical utility of serum CA 19-9 in the diagnosis,
prognosis and management of pancreatic adenocarcinoma: An evidence based appraisal. J
Gastrointest Oncol 2012; 3: 105-119.

Luo G, Jin K, Deng S, Cheng H, Fan Z, Gong Y, et al. Roles of CA19-9 in pancreatic cancer:
Biomarker, predictor and promoter. Biochim Biophys Acta Rev Cancer 2021; 1875: 188409.
Hanada K, Okazaki A, Hirano N, lzumi Y, Teraoka Y, lkemoto J, et al. Diagnostic strategies for
early pancreatic cancer. J Gastroenterol 2015; 50: 147-154.

Singhi AD, Wood LD. Early detection of pancreatic cancer using DNA-based molecular
approaches. Nat Rev Gastroenterol Hepatol 2021; 18: 457-468.

cachexy. OED Online - Oxford University Press 1888;

Baracos VE, Martin L, Korc M, Guttridge DC, Fearon KCH. Cancer-associated cachexia. Nat Rev
Dis Primers 2018; 4: 17105.

Fearon K, Strasser F, Anker SD, Bosaeus |, Bruera E, Fainsinger RL, et al. Definition and
classification of cancer cachexia: an international consensus. Lancet Oncol 2011; 12: 489-495.
Blum D, Stene GB, Solheim TS, Fayers P, Hjermstad MJ, Baracos VE, et al. Validation of the
Consensus-Definition for Cancer Cachexia and evaluation of a classification model--a study
based on data from an international multicentre project (EPCRC-CSA). Ann Oncol 2014; 25:
1635-1642.

Argilés JM, Busquets S, Stemmler B, Lopez-Soriano FJ. Cancer cachexia: understanding the
molecular basis. Nat Rev Cancer 2014; 14: 754-762.

Hébuterne X, Lemarié E, Michallet M, de Montreuil CB, Schneider SM, Goldwasser F.
Prevalence of malnutrition and current use of nutrition support in patients with cancer. JPEN
J Parenter Enteral Nutr 2014; 38: 196-204.

Dev R, Wong A, Hui D, Bruera E. The Evolving Approach to Management of Cancer Cachexia.
Oncology (Williston Park) 2017; 31: 23-32.

Ferrara M, Samaden M, Ruggieri E, Vénéreau E. Cancer cachexia as a multiorgan failure:
Reconstruction of the crime scene. Front Cell Dev Biol 2022; 10: 960341.

Zhou Q, Melton DA. Pancreas regeneration. Nature 2018; 557: 351-358.

Kordes M, Larsson L, Engstrand L, Lohr JM. Pancreatic cancer cachexia: three dimensions of a
complex syndrome. BrJ Cancer 2021; 124: 1623-1636.

Permert J, lhse |, Jorfeldt L, von Schenck H, Arnqvist HJ, Larsson J. Pancreatic cancer is
associated with impaired glucose metabolism. Eur J Surg 1993; 159: 101-107.

Ahmad SS, Ahmad K, Lee EJ, Lee YH, Choi I. Implications of Insulin-Like Growth Factor-1 in
Skeletal Muscle and Various Diseases. Cells 2020; 9:

Porporato PE. Understanding cachexia as a cancer metabolism syndrome. Oncogenesis 2016;
5:e200.

Petruzzelli M, Schweiger M, Schreiber R, Campos-Olivas R, Tsoli M, Allen J, et al. A switch from
white to brown fat increases energy expenditure in cancer-associated cachexia. Cell Metab
2014; 20: 433-447.

Kir S, White JP, Kleiner S, Kazak L, Cohen P, Baracos VE, et al. Tumour-derived PTH-related
protein triggers adipose tissue browning and cancer cachexia. Nature 2014; 513: 100-104.
Puppa MJ, White JP, Sato S, Cairns M, Baynes JW, Carson JA. Gut barrier dysfunction in the
Apc(Min/+) mouse model of colon cancer cachexia. Biochim Biophys Acta 2011; 1812: 1601-
1606.

Patra SK, Arora S. Integrative role of neuropeptides and cytokines in cancer anorexia-cachexia
syndrome. Clin Chim Acta 2012; 413: 1025-1034.

25



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

Bologa RM, Levine DM, Parker TS, Cheigh JS, Serur D, Stenzel KH, et al. Interleukin-6 predicts
hypoalbuminemia, hypocholesterolemia, and mortality in hemodialysis patients. Am J Kidney
Dis 1998; 32: 107-114.

Di Girolamo D, Tajbakhsh S. Pathological features of tissues and cell populations during cancer
cachexia. Cell Regen 2022; 11: 15.

Honors MA, Kinzig KP. The role of insulin resistance in the development of muscle wasting
during cancer cachexia. J Cachexia Sarcopenia Muscle 2012; 3: 5-11.

Tuca A, Jimenez-Fonseca P, Gascon P. Clinical evaluation and optimal management of cancer
cachexia. Crit Rev Oncol Hematol 2013; 88: 625-636.

van Norren K, Dwarkasing JT, Witkamp RF. The role of hypothalamic inflammation, the
hypothalamic-pituitary-adrenal axis and serotonin in the cancer anorexia-cachexia syndrome.
Curr Opin Clin Nutr Metab Care 2017; 20: 396-401.

Bindels LB, Delzenne NM. Muscle wasting: the gut microbiota as a new therapeutic target? Int
J Biochem Cell Biol 2013; 45: 2186-2190.

Bindels LB, Beck R, Schakman O, Martin JC, De Backer F, Sohet FM, et al. Restoring specific
lactobacilli levels decreases inflammation and muscle atrophy markers in an acute leukemia
mouse model. PLoS One 2012; 7: e37971.

Bindels LB, Neyrinck AM, Loumaye A, Catry E, Walgrave H, Cherbuy C, et al. Increased gut
permeability in cancer cachexia: mechanisms and clinical relevance. Oncotarget 2018; 9:
18224-18238.

Argiles JM, Lopez-Soriano FJ, Busquets S. Counteracting inflammation: a promising therapy in
cachexia. Crit Rev Oncog 2012; 17: 253-262.

Ubachs J, Ziemons J, Soons Z, Aarnoutse R, van Dijk DPJ, Penders J, et al. Gut microbiota and
short-chain fatty acid alterations in cachectic cancer patients. J Cachexia Sarcopenia Muscle
2021; 12: 2007-2021.

Baltgalvis KA, Berger FG, Pena MM, Davis JM, Muga SJ, Carson JA. Interleukin-6 and cachexia
in ApcMin/+ mice. Am J Physiol Regul Integr Comp Physiol 2008; 294: R393-401.

Tavares P, Gongalves DM, Santos LL, Ferreira R. Revisiting the clinical usefulness of C-reactive
protein in the set of cancer cachexia. Porto Biomed J 2021; 6: €123.

Deans C, Wigmore SJ. Systemic inflammation, cachexia and prognosis in patients with cancer.
Curr Opin Clin Nutr Metab Care 2005; 8: 265-269.

Zhang D, Sun M, Samols D, Kushner |. STAT3 participates in transcriptional activation of the C-
reactive protein gene by interleukin-6. J Biol Chem 1996; 271: 9503-9509.

Punzi T, Fabris A, Morucci G, Biagioni P, Gulisano M, Ruggiero M, et al. C-reactive protein levels
and vitamin d receptor polymorphisms as markers in predicting cachectic syndrome in cancer
patients. Mol Diagn Ther 2012; 16: 115-124.

Baazim H, Antonio-Herrera L, Bergthaler A. The interplay of immunology and cachexia in
infection and cancer. Nat Rev Immunol 2022; 22: 309-321.

VanderVeen BN, Murphy EA, Carson JA. The Impact of Immune Cells on the Skeletal Muscle
Microenvironment During Cancer Cachexia. Front Physiol 2020; 11: 1037.

Orekhov AN, Orekhova VA, Nikiforov NG, Myasoedova VA, Grechko AV, Romanenko EB, et al.
Monocyte differentiation and macrophage polarization. Vessel Plus 2019; 3: 10.

Verreck FA, de Boer T, Langenberg DM, Hoeve MA, Kramer M, Vaisberg E, et al. Human IL-23-
producing type 1 macrophages promote but IL-10-producing type 2 macrophages subvert
immunity to (myco)bacteria. Proc Natl Acad Sci U S A 2004; 101: 4560-4565.
Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani F, et
al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol 2018;
233: 6425-6440.

Geeraerts X, Bolli E, Fendt SM, Van Ginderachter JA. Macrophage Metabolism As Therapeutic
Target for Cancer, Atherosclerosis, and Obesity. Front Immunol 2017; 8: 289.

Italiani P, Boraschi D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional
Differentiation. Front Immunol 2014; 5: 514.

26



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Atri C, Guerfali FZ, Laouini D. Role of Human Macrophage Polarization in Inflammation during
Infectious Diseases. Int J Mol Sci 2018; 19:

Shukla SK, Markov SD, Attri KS, Vernucci E, King RJ, Dasgupta A, et al. Macrophages potentiate
STAT3 signaling in skeletal muscles and regulate pancreatic cancer cachexia. Cancer Lett 2020;
484:29-39.

Erdem M, Mockel D, Jumpertz S, John C, Fragoulis A, Rudolph |, et al. Macrophages protect
against loss of adipose tissue during cancer cachexia. J Cachexia Sarcopenia Muscle 2019; 10:
1128-1142.

Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation and regulation
of innate and adaptive immunity. Nat Rev Immunol 2011; 11: 519-531.

Brandau S, Dumitru CA, Lang S. Protumor and antitumor functions of neutrophil granulocytes.
Semin Immunopathol 2013; 35: 163-176.

Xiang ZJ, Hu T, Wang Y, Wang H, Xu L, Cui N. Neutrophil-lymphocyte ratio (NLR) was associated
with prognosis and immunomodulatory in patients with pancreatic ductal adenocarcinoma
(PDAC). Biosci Rep 2020; 40:

Piccard H, Muschel RJ, Opdenakker G. On the dual roles and polarized phenotypes of
neutrophils in tumor development and progression. Crit Rev Oncol Hematol 2012; 82: 296-309.
Mizuno R, Kawada K, Itatani Y, Ogawa R, Kiyasu Y, Sakai Y. The Role of Tumor-Associated
Neutrophils in Colorectal Cancer. Int J Mol Sci 2019; 20:

Coffelt SB, Wellenstein MD, de Visser KE. Neutrophils in cancer: neutral no more. Nat Rev
Cancer 2016; 16: 431-446.

Fridlender ZG, Albelda SM. Tumor-associated neutrophils: friend or foe? Carcinogenesis 2012;
33:949-955.

Granot Z, Jablonska J. Distinct Functions of Neutrophil in Cancer and Its Regulation. Mediators
Inflamm 2015; 2015: 701067.

Kajioka H, Kagawa S, Ito A, Yoshimoto M, Sakamoto S, Kikuchi S, et al. Targeting neutrophil
extracellular traps with thrombomodulin prevents pancreatic cancer metastasis. Cancer
Letters 2021; 497: 1-13.

Ghebrehiwet B. The complement system: an evolution in progress. F1000Res 2016; 5: 2840.
Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina LT. Complement
System Part II: Role in Immunity. Front Immunol 2015; 6: 257.

Noris M, Remuzzi G. Overview of complement activation and regulation. Semin Nephrol 2013;
33:479-492.

Gros P, Milder FJ, Janssen BJ. Complement driven by conformational changes. Nat Rev
Immunol 2008; 8: 48-58.

Beltrame MH, Catarino SJ, Goeldner I, Boldt AB, de Messias-Reason IJ. The lectin pathway of
complement and rheumatic heart disease. Front Pediatr 2014; 2: 148.

Nilsson B, Nilsson Ekdahl K. The tick-over theory revisited: is C3 a contact-activated protein?
Immunobiology 2012; 217: 1106-1110.

Roumenina LT, Daugan MV, Petitprez F, Sautes-Fridman C, Fridman WH. Context-dependent
roles of complement in cancer. Nat Rev Cancer 2019; 19: 698-715.

Pangburn MK, Miller-Eberhard HJ. Relation of putative thioester bond in C3 to activation of
the alternative pathway and the binding of C3b to biological targets of complement. J Exp Med
1980; 152: 1102-1114.

Mastellos DC, Ricklin D, Lambris JD. Clinical promise of next-generation complement
therapeutics. Nat Rev Drug Discov 2019; 18: 707-729.

Kolev M, Markiewski MM. Targeting complement-mediated immunoregulation for cancer
immunotherapy. Semin Immunol 2018; 37: 85-97.

Zhu H, Yu X, Zhang S, Shu K. Targeting the Complement Pathway in Malignant Glioma
Microenvironments. Front Cell Dev Biol 2021; 9: 657472.

Aykut B, Pushalkar S, Chen R, Li Q, Abengozar R, Kim JI, et al. The fungal mycobiome promotes
pancreatic oncogenesis via activation of MBL. Nature 2019; 574: 264-267.

27



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Khameneh HJ, Ho AW, Laudisi F, Derks H, Kandasamy M, Sivasankar B, et al. C5a Regulates IL-
1B Production and Leukocyte Recruitment in a Murine Model of Monosodium Urate Crystal-
Induced Peritonitis. Front Pharmacol 2017; 8: 10.

Wou L, Saxena S, Singh RK. Neutrophils in the Tumor Microenvironment. Adv Exp Med Biol 2020;
1224:1-20.

Reid J, McKenna H, Fitzsimons D, McCance T. The experience of cancer cachexia: a qualitative
study of advanced cancer patients and their family members. Int J Nurs Stud 2009; 46: 606-
616.

Poole K, Froggatt K. Loss of weight and loss of appetite in advanced cancer: a problem for the
patient, the carer, or the health professional? Palliat Med 2002; 16: 499-506.

Mantovani G, Madeddu C. Cancer cachexia: medical management. Support Care Cancer 2010;
18:1-9.

Yavuzsen T, Davis MP, Walsh D, LeGrand S, Lagman R. Systematic review of the treatment of
cancer-associated anorexia and weight loss. J Clin Oncol 2005; 23: 8500-8511.

Talbert EE, Guttridge DC. Emerging signaling mediators in the anorexia-cachexia syndrome of
cancer. Trends Cancer 2022; 8: 397-403.

Peixoto da Silva S, Santos JMO, Costa ESMP, Gil da Costa RM, Medeiros R. Cancer cachexia and
its pathophysiology: links with sarcopenia, anorexia and asthenia. J Cachexia Sarcopenia
Muscle 2020; 11: 619-635.

Han J, Meng Q, Shen L, Wu G. Interleukin-6 induces fat loss in cancer cachexia by promoting
white adipose tissue lipolysis and browning. Lipids Health Dis 2018; 17: 14.

Olson B, Diba P, Korzun T, Marks DL. Neural Mechanisms of Cancer Cachexia. Cancers (Basel)
2021; 13:

Breen DM, Kim H, Bennett D, Calle RA, Collins S, Esquejo RM, et al. GDF-15 Neutralization
Alleviates Platinum-Based Chemotherapy-Induced Emesis, Anorexia, and Weight Loss in Mice
and Nonhuman Primates. Cell Metab 2020; 32: 938-950.€936.

Mosialou I, Shikhel S, Liu J-M, Maurizi A, Luo N, He Z, et al. MC4R-dependent suppression of
appetite by bone-derived lipocalin 2. Nature 2017; 543: 385-390.

Olson B, Zhu X, Norgard MA, Levasseur PR, Butler JT, Buenafe A, et al. Lipocalin 2 mediates
appetite suppression during pancreatic cancer cachexia. Nat Commun 2021; 12: 2057.
Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy. Dis Model Mech
2013; 6: 25-39.

Fearon KC, Preston T. Body composition in cancer cachexia. Infusionstherapie 1990; 17 Suppl
3:63-66.

Costelli P, Muscaritoli M, Bossola M, Penna F, Reffo P, Bonetto A, et al. IGF-1 is downregulated
in experimental cancer cachexia. Am J Physiol Regul Integr Comp Physiol 2006; 291: R674-683.
Penna F, Bonetto A, Muscaritoli M, Costamagna D, Minero VG, Bonelli G, et al. Muscle atrophy
in experimental cancer cachexia: is the IGF-1 signaling pathway involved? Int J Cancer 2010;
127:1706-1717.

Cicoira M, Kalra PR, Anker SD. Growth hormone resistance in chronic heart failure and its
therapeutic implications. J Card Fail 2003; 9: 219-226.

Kunzke T, Buck A, Prade VM, Feuchtinger A, Prokopchuk O, Martignoni ME, et al.
Derangements of amino acids in cachectic skeletal muscle are caused by mitochondrial
dysfunction. J Cachexia Sarcopenia Muscle 2020; 11: 226-240.

Glass DJ. Signaling pathways perturbing muscle mass. Curr Opin Clin Nutr Metab Care 2010;
13:225-229.

Lee SB, Lee JS, Moon SO, Lee HD, Yoon YS, Son CG. A standardized herbal combination of
Astragalus membranaceus and Paeonia japonica, protects against muscle atrophy in a C26
colon cancer cachexia mouse model. J Ethnopharmacol 2021; 267: 113470.

Langen RC, Schols AM, Kelders MC, Wouters EF, Janssen-Heininger YM. Inflammatory
cytokines inhibit myogenic differentiation through activation of nuclear factor-kappaB. Faseb
j2001; 15: 1169-1180.

28



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Pijet B, Pijet M, Litwiniuk A, Gajewska M, Pajak B, Orzechowski A. TNF- a and IFN-s-dependent
muscle decay is linked to NF-kB- and STAT-1a-stimulated Atroginl and MuRF1 genes in C2C12
myotubes. Mediators Inflamm 2013; 2013: 171437.

Miao C, Lv Y, Zhang W, Chai X, Feng L, Fang Y, et al. Pyrrolidine Dithiocarbamate (PDTC)
Attenuates Cancer Cachexia by Affecting Muscle Atrophy and Fat Lipolysis. Front Pharmacol
2017; 8: 915.

Cai D, Frantz JD, Tawa NE, Jr., Melendez PA, Oh BC, Lidov HG, et al. IKKbeta/NF-kappaB
activation causes severe muscle wasting in mice. Cell 2004; 119: 285-298.

Li YP, Chen Y, John J, Moylan J, Jin B, Mann DL, et al. TNF-alpha acts via p38 MAPK to stimulate
expression of the ubiquitin ligase atroginl/MAFbx in skeletal muscle. Faseb j 2005; 19: 362-
370.

Stretch C, Aubin JM, Mickiewicz B, Leugner D, Al-Manasra T, Tobola E, et al. Sarcopenia and
myosteatosis are accompanied by distinct biological profiles in patients with pancreatic and
periampullary adenocarcinomas. PLoS One 2018; 13: e0196235.

Bhanji RA, Moctezuma-Velazquez C, Duarte-Rojo A, Ebadi M, Ghosh S, Rose C, et al.
Myosteatosis and sarcopenia are associated with hepatic encephalopathy in patients with
cirrhosis. Hepatol Int 2018; 12: 377-386.

Tanaka M, Okada H, Hashimoto Y, Kumagai M, Nishimura H, Oda Y, et al. Relationship between
nonalcoholic fatty liver disease and muscle quality as well as quantity evaluated by computed
tomography. Liver Int 2020; 40: 120-130.

Nachit M, Kwanten WJ, Thissen JP, Op De Beeck B, Van Gaal L, Vonghia L, et al. Muscle fat
content is strongly associated with NASH: A longitudinal study in patients with morbid obesity.
J Hepatol 2021; 75: 292-301.

Kroenke CH, Prado CM, Meyerhardt JA, Weltzien EK, Xiao J, Cespedes Feliciano EM, et al.
Muscle radiodensity and mortality in patients with colorectal cancer. Cancer 2018; 124: 3008-
3015.

Aleixo GFP, Shachar SS, Nyrop KA, Muss HB, Malpica L, Williams GR. Myosteatosis and
prognosis in cancer: Systematic review and meta-analysis. Crit Rev Oncol Hematol 2020; 145:
102839.

Martin L, Birdsell L, Macdonald N, Reiman T, Clandinin MT, McCargar LJ, et al. Cancer cachexia
in the age of obesity: skeletal muscle depletion is a powerful prognostic factor, independent
of body mass index. J Clin Oncol 2013; 31: 1539-1547.

Stephens NA, Skipworth RJ, Macdonald AJ, Greig CA, Ross JA, Fearon KC. Intramyocellular lipid
droplets increase with progression of cachexia in cancer patients. J Cachexia Sarcopenia
Muscle 2011; 2: 111-117.

Patzelt L, Junker D, Syvari J, Burian E, Wu M, Prokopchuk O, et al. MRI-Determined Psoas
Muscle Fat Infiltration Correlates with Severity of Weight Loss during Cancer Cachexia. Cancers
(Basel) 2021; 13:

Correa-de-Araujo R, Addison O, Miljkovic I, Goodpaster BH, Bergman BC, Clark RV, et al.
Myosteatosis in the Context of Skeletal Muscle Function Deficit: An Interdisciplinary Workshop
at the National Institute on Aging. Front Physiol 2020; 11: 963.

Vettor R, Milan G, Franzin C, Sanna M, De Coppi P, Rizzuto R, et al. The origin of intermuscular
adipose tissue and its pathophysiological implications. Am J Physiol Endocrinol Metab 2009;
297: E987-998.

Hausman GJ, Basu U, Du M, Fernyhough-Culver M, Dodson MV. Intermuscular and
intramuscular adipose tissues: Bad vs. good adipose tissues. Adipocyte 2014; 3: 242-255.
Huang XY, Huang ZL, Yang JH, Xu YH, Sun JS, Zheng Q, et al. Pancreatic cancer cell-derived
IGFBP-3 contributes to muscle wasting. J Exp Clin Cancer Res 2016; 35: 46.

Callaway CS, Delitto AE, Patel R, Nosacka RL, D'Lugos AC, Delitto D, et al. IL-8 Released from
Human Pancreatic Cancer and Tumor-Associated Stromal Cells Signals through a CXCR2-
ERK1/2 Axis to Induce Muscle Atrophy. Cancers (Basel) 2019; 11:

29



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Chen JL, Walton KL, Qian H, Colgan TD, Hagg A, Watt MJ, et al. Differential Effects of IL6 and
Activin A in the Development of Cancer-Associated Cachexia. Cancer Res 2016; 76: 5372-5382.
Rupert JE, Narasimhan A, Jengelley DHA, Jiang Y, LiuJ, AuE, et al. Tumor-derived IL-6 and trans-
signaling among tumor, fat, and muscle mediate pancreatic cancer cachexia. J Exp Med 2021,
218:

Bonetto A, Aydogdu T, Jin X, Zhang Z, Zhan R, Puzis L, et al. JAK/STAT3 pathway inhibition blocks
skeletal muscle wasting downstream of IL-6 and in experimental cancer cachexia. Am J Physiol
Endocrinol Metab 2012; 303: E410-421.

Heinrich MA, Mostafa A, Morton JP, Hawinkels L, Prakash J. Translating complexity and
heterogeneity of pancreatic tumor: 3D in vitro to in vivo models. Adv Drug Deliv Rev 2021; 174
265-293.

Kapatczyniska M, Kolenda T, Przybyta W, Zajgczkowska M, Teresiak A, Filas V, et al. 2D and 3D
cell cultures - a comparison of different types of cancer cell cultures. Arch Med Sci 2018; 14:
910-919.

Pampaloni F, Reynaud EG, Stelzer EH. The third dimension bridges the gap between cell culture
and live tissue. Nat Rev Mol Cell Biol 2007; 8: 839-845.

GOmez-Lechén MJ, Jover R, Donato T, Ponsoda X, Rodriguez C, Stenzel KG, et al. Long-term
expression of differentiated functions in hepatocytes cultured in three-dimensional collagen
matrix. J Cell Physiol 1998; 177: 553-562.

Birgersdotter A, Sandberg R, Ernberg |. Gene expression perturbation in vitro--a growing case
for three-dimensional (3D) culture systems. Semin Cancer Biol 2005; 15: 405-412.

Kang Y, Zhang R, Suzuki R, Li SQ, Roife D, Truty MJ, et al. Two-dimensional culture of human
pancreatic adenocarcinoma cells results in an irreversible transition from epithelial to
mesenchymal phenotype. Lab Invest 2015; 95: 207-222.

Acharyya S, Ladner KJ, Nelsen LL, Damrauer J, Reiser PJ, Swoap S, et al. Cancer cachexia is
regulated by selective targeting of skeletal muscle gene products. J Clin Invest 2004; 114: 370-
378.

Bonetto A, Rupert JE, Barreto R, Zimmers TA. The Colon-26 Carcinoma Tumor-bearing Mouse
as a Model for the Study of Cancer Cachexia. J Vis Exp 2016;

He WA, Berardi E, Cardillo VM, Acharyya S, Aulino P, Thomas-Ahner J, et al. NF-kB-mediated
Pax7 dysregulation in the muscle microenvironment promotes cancer cachexia. J Clin Invest
2013; 123:4821-4835.

Judge SM, Wu CL, Beharry AW, Roberts BM, Ferreira LF, Kandarian SC, et al. Genome-wide
identification of FoxO-dependent gene networks in skeletal muscle during C26 cancer
cachexia. BMC Cancer 2014; 14: 997.

Talbert EE, Yang J, Mace TA, Farren MR, Farris AB, Young GS, et al. Dual Inhibition of MEK and
PI3K/Akt Rescues Cancer Cachexia through both Tumor-Extrinsic and -Intrinsic Activities. Mol
Cancer Ther 2017; 16: 344-356.

Zhang G, Liu Z, Ding H, Miao H, Garcia JM, Li YP. Toll-like receptor 4 mediates Lewis lung
carcinoma-induced muscle wasting via coordinate activation of protein degradation pathways.
Sci Rep 2017; 7: 2273.

Talbert EE, Metzger GA, He WA, Guttridge DC. Modeling human cancer cachexia in colon 26
tumor-bearing adult mice. J Cachexia Sarcopenia Muscle 2014; 5: 321-328.

Acharyya S, Butchbach ME, Sahenk Z, Wang H, Saji M, Carathers M, et al. Dystrophin
glycoprotein complex dysfunction: a regulatory link between muscular dystrophy and cancer
cachexia. Cancer Cell 2005; 8: 421-432.

Talbert EE, Cuitifio MC, Ladner KJ, Rajasekerea PV, Siebert M, Shakya R, et al. Modeling Human
Cancer-induced Cachexia. Cell Rep 2019; 28: 1612-1622.e1614.

Smith E, Cochrane WJ. Cystic organoid teratoma; report of a case. Can Med Assoc J 1946; 55:
151.

30



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al. Single Lgr5 stem
cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009; 459: 262-
265.

Lancaster MA, Huch M. Disease modelling in human organoids. Dis Model Mech 2019; 12:
Schutgens F, Clevers H. Human Organoids: Tools for Understanding Biology and Treating
Diseases. Annu Rev Pathol 2020; 15: 211-234.

Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MM, et al. Long-term culture
of genome-stable bipotent stem cells from adult human liver. Cell 2015; 160: 299-312.
Broutier L, Mastrogiovanni G, Verstegen MM, Francies HE, Gavarré LM, Bradshaw CR, et al.
Human primary liver cancer-derived organoid cultures for disease modeling and drug
screening. Nat Med 2017; 23: 1424-1435.

Hu H, Gehart H, Artegiani B, LOpez-Iglesias C, Dekkers F, Basak O, et al. Long-Term Expansion
of Functional Mouse and Human Hepatocytes as 3D Organoids. Cell 2018; 175: 1591-
1606.e1519.

van de Wetering M, Francies HE, Francis JM, Bounova G, lorio F, Pronk A, et al. Prospective
derivation of a living organoid biobank of colorectal cancer patients. Cell 2015; 161: 933-945.
Schutgens F, Rookmaaker MB, Margaritis T, Rios A, Ammerlaan C, Jansen J, et al. Tubuloids
derived from human adult kidney and urine for personalized disease modeling. Nat Biotechnol
2019; 37:303-313.

Hill SJ, Decker B, Roberts EA, Horowitz NS, Muto MG, Worley MJ, Jr., et al. Prediction of DNA
Repair Inhibitor Response in Short-Term Patient-Derived Ovarian Cancer Organoids. Cancer
Discov 2018; 8: 1404-1421.

Karthaus WR, laquinta PJ, Drost J, Gracanin A, van Boxtel R, Wongvipat J, et al. Identification
of multipotent luminal progenitor cells in human prostate organoid cultures. Cell 2014; 159:
163-175.

Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink S, et al. Long-term expansion
of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett's
epithelium. Gastroenterology 2011; 141: 1762-1772.

Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, et al. A Living Biobank of Breast
Cancer Organoids Captures Disease Heterogeneity. Cell 2018; 172: 373-386.e310.

Vaes RDW, van Dijk DPJ, Welbers TTJ, Blok MJ, Aberle MR, Heij L, et al. Generation and initial
characterization of novel tumour organoid models to study human pancreatic cancer-induced
cachexia. J Cachexia Sarcopenia Muscle 2020; 11: 1509-1524.

Boj SF, Hwang Cl, Baker LA, Chio, Il, Engle DD, Corbo V, et al. Organoid models of human and
mouse ductal pancreatic cancer. Cell 2015; 160: 324-338.

Driehuis E, van Hoeck A, Moore K, Kolders S, Francies HE, Gulersonmez MC, et al. Pancreatic
cancer organoids recapitulate disease and allow personalized drug screening. Proc Natl Acad
Sci US A 2019; 116: 26580-26590.

31



32



CHAPTER 2

Activation of the complement system in patients with
cancer cachexia

Min Deng, Rianne D.W Vaes, Annemarie A.J.H.M. van Bijnen,
Steven W.M. Olde Damink, Sander S. Rensen.

Cancers. 2021, 13(22): 5767

33



Abstract

Background: Systemic inflammation is thought to underlie many of the metabolic
manifestations of cachexia in cancer patients. The complement system is an important
component of innate immunity that has been shown to contribute to metabolic inflammation.
We hypothesized that systemic inflammation in patients with cancer cachexia is associated

with complement activation.

Methods: Based on plasma levels of C-reactive protein (CRP) and the consensus definition
of cachexia, pancreatic cancer patients (n=62) were categorized into no cachexia (n=13),
cachexia with (n=23, CRP>10 mg/L) or without (n=26, CRP<10 mg/L) inflammation groups. The
concentration of plasma C1g, mannose-binding lectin (MBL), C3a, and terminal complement

complex (TCC) were measured by ELISA.

Results: Systemic C3a levels were higher in cachectic patients with inflammation as
compared to patients without inflammation or without cachexia (median 102.4 (IQR 89.4-
158.0) vs. 81.4 (47.9-124.0) vs. 61.6 (46.8-86.8) ng/mL, p=0.0186). In line, terminal
complement complex (TCC) concentrations gradually increased in these patient groups
(medians 2298 (IQR 2022-3058) vs. 1939 (IQR 1725-2311) vs. 1805 (IQR 1552-2569) mAU/ml,
respectively, p=0.0511). C3a and TCC concentrations showed a strong correlation (rs=0.468,
p=0.0005). Whereas concentrations of C1q and mannose-binding lectin did not differ between
groups, C1q levels correlated with both C3a and TCC concentrations (rs=0.394, p=0.0042 and
rs=0.300, p=0.0188, respectively).

Conclusion: systemic inflammation in patients with cancer cachexia is associated with
activation of key effector complement factors. The correlations between Clq and C3a/TCC
suggest that the classical complement pathway could play a role in complement activation in

patients with pancreatic cancer.
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Introduction

Cachexia is a severe complication of many types of cancer with a particularly high prevalence
in pancreatic cancer [1]. It is a multifactorial metabolic syndrome that has a substantial
detrimental impact on the survival and quality of life of patients [2]. Cancer cachexia is
characterized by loss of body weight, negatively impacting both adipose tissue and skeletal

muscle mass [3].

Although its precise underlying mechanisms remain unclear, many lines of evidence point
towards an important role of pro-inflammatory factors released by tumor cells, immune cells,
or metabolic target tissues in the pathophysiology of cancer cachexia. In particular,
inflammation has been shown to be associated with both muscle wasting and fat depletion in
patients with cancer cachexia [4, 5]. Interactions between tumor and host cells leading to
systemic inflammation result in an acute phase response characterized by the production of
C-reactive protein (CRP) in the liver, and increases in circulating proinflammatory cytokines [6,
7]. In recent years, research mainly focused on the role of pro-inflammatory cytokines such as
interleukin-6 (IL-6), interleukin-1 (IL-1), tumor necrosis factor alpha (TNFa), and interferon

gamma (IFN-y), and confirmed their involvement in the pathogenesis of cachexia [8-11].

Despite these studies, the characterization of the systemic inflammatory response in patients
with cancer cachexia is still incomplete. For example, there is no literature on the potential
involvement of the complement system, a cornerstone of innate immunity that plays a key
role in cancer-associated cachexia. The complement system comprises over 50 circulating, cell
surface-bound, or intracellular proteins that collectively promote the recognition and removal
of both infectious agents and apoptotic, necrotic, or malignant cells [12, 13], the latter of
which could be highly relevant in the context of tissue wasting in cancer cachexia.
Complement molecules may be expressed by activated immune cells including macrophages,
dendritic cells, natural killer cells, B cells, and T cells. They can also be produced by other cell
types involved in the metabolic aberrations seen in cachexia, such as hepatocytes and
adipocytes [14, 15]. Various studies have reported elevated levels of complement factors in

cancers with a high prevalence of cachexia, including colorectal cancer and lung cancer [16],
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further supporting a role for complement system activation in cachexia-associated

inflammation.

There are three different ways to activate the complement system, referred to as the classical
pathway, the lectin pathway, and the alternative pathway. The classical pathway of
complement activation is initiated by binding of the Clq molecule to antigen-antibody
complexes, CRP, or apoptotic cells [17]. Lectin pathway activation is dependent on recognition
of aberrant carbohydrate patterns by the mannose-binding lectin (MBL) protein, collectins, or
ficolins [18]. Activation of the alternative pathway can be initiated by spontaneous activation
of the central complement C3 molecule on ‘activating surfaces’; this pathway also serves to
amplify complement activation as a result of classical or lectin complement pathway

activation [19].

Though the three pathways of complement activation differ with respect to their way of target
recognition, they all converge at the level of the C3 molecule, which is activated through
cleavage by C3 convertases generated by the respective pathways. Upon its activation, several
effector complement molecules with different functions are generated: the opsonin C3b, the
anaphylatoxins C3a and C5a, and the membrane attack-complex (MAC). Deposition of the C3b
opsonin on complement activating surfaces enhances the phagocytosis potential of
macrophages, and promotes their secretion of pro-inflammatory cytokines [20].
Anaphylatoxins like C3a are potent chemo-attractants that recruit monocytes and
granulocytes to the site of activation and can stimulate the production of additional
inflammatory mediators. C3a has been shown to enhance pro-inflammatory cytokine
secretion by various immune cells [21]. For example, Elvington et al. have reported that C3a
increases IL-6 production by CD4+ T cells, contributing to lipolysis [22]. C3a also stimulates the
production of cachexia-associated inflammatory mediators such as TNFa and IL-1 [23, 24].
Assembly of the MAC is the ultimate consequence of complement activation and leads to
effective lysis of target cells by forming a pore in the membrane, disrupting cellular integrity
and function [25]. When the MAC is formed on membranes, a soluble counterpart sMAC, also
referred to as the Terminal Complement Complex (TCC), can be formed. TCC levels are

increased in various acute and chronic inflammatory diseases [25].
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In view of the many ways by which complement activation can promote inflammation in
various disease settings, we hypothesized that systemic inflammation in patients with cancer
cachexia could be associated with complement activation. We set out to investigate the
plasma levels of the initiating complement factors C1q and MBL and the effector complement
factors C3a and TCC in the blood of a cohort of pancreatic cancer patients with and without
cachexia and inflammation. We report that cachectic patients with inflammation have higher
systemic C3a and TCC concentrations than patients without inflammation or cachexia, and
that these concentrations are strongly correlated overall. C3a and TCC concentrations also
correlate with Clq levels even though Clg concentrations did not differ between groups.
These data may imply that activation of the classical pathway of the complement system

contributes to the inflammation seen in patients with cancer cachexia.

Materials and Methods

Patients

Patients undergoing pancreaticoduodenectomy at the Maastricht University Medical Centre
(MUMC+) for suspected adenocarcinoma of the pancreas were enrolled in this study.
Exclusion criteria included the use of systemic glucocorticoids in the past four weeks,
neoadjuvant chemo- and/or radiotherapy, and the presence of another malignancy. This study
was approved by the Medical Ethical Board of the Maastricht University Medical Center in line
with the ethical guidelines of the 1975 Declaration of Helsinki, and written informed consent

was obtained from each subject (METC 13-4-107 and 2019-0977).

Diagnosis of cancer cachexia and screening of cachexia status

Cachexia was defined according to the international consensus definition as 1) weight loss
>5% over the past 6 months in the absence of starvation, and/or 2) BMI <20 kg/m2 and >2%
ongoing weight loss, and/or 3) sarcopenia and >2% ongoing weight loss [3]. Patients were
diagnosed with cancer cachexia if 21 of the criteria were met. The cachexia status of the
patients was assessed by a trained physician in the outpatient clinic. The screening included
measurements of body weight and height and patient-reported weight loss in the last six

months.
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To assess the presence of sarcopenia, body composition was investigated by analysis of
computed tomography (CT) imaging scans and sliceOmatic 5.0 software (TomoVision, Magog,
Canada). Skeletal muscle mass was quantified on a cross-sectional CT-image at the third
lumbar (L3) vertebra that was preoperatively acquired for diagnostic purposes. Using
predefined Hounsfield Unit (HU) ranges, the total cross-sectional area (cm?) of skeletal muscle
tissue (-29 to 150 HU) was determined. In addition, the total areas of visceral adipose tissue
(VAT, -150 to -50 HU) and subcutaneous adipose tissue (SAT) as well as intramuscular adipose
tissue (IMAT) (-190 to -30 HU) were assessed. Tissue areas (cm?) were adjusted for height to
calculate the respective L3-indices (L3-SMI, L3-VAT, L3-SAT) in cm?/m?, which correspond well
with total body muscle and adipose tissue mass [26]. Previously published validated sex-
specific cut-off values (SMI, 45.1 cm?/m? for men and 36.9 cm?/m? for women) that were
established from a cohort including pancreatic cancer patients were used for the CT-derived
body composition analysis [27]. In addition, the skeletal muscle radiation attenuation (M-RA)
was calculated as the average HU value of the total tissue area for muscle (i.e. within the
specified range of -29 to 150 HU).

Systemic inflammation was assessed by measuring plasma C-reactive protein (CRP) levels
preoperatively (routine in-hospital laboratory test, MUMC+). CRP values were considered to

be elevated when they exceeded 10 mg/L)[28].

Collection of plasma samples

Prior to the start of surgery, after a minimum of eight hours of fasting, venous blood was
collected in EDTA tubes and stored on ice until further processing. The blood was centrifuged

at 1150 x g at 4°C for 12 min without brake. Plasma aliquots were stored at -80°C until analysis.

ELISAs

Plasma Clg, MBL, C3a, TCC, and IL-6 concentrations were measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s instructions (Hycult Biotech,
Uden, the Netherlands for the complement factors, U-CyTech biosciences, Utrecht, the

Netherlands for IL-6). All plasma samples were analyzed in duplicate in the same run. The
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intra- and inter-assay coefficients of variance of the various assays were < 10%. TCC

concentrations are given in ‘milli Arbitrary Units’ (mAU)/ml values.

Statistical analysis

Statistical analysis was performed using Prism 7.0 for Windows (GraphPad Software Inc., San
Diego, CA), RStudio (v. 1.2.5033, Affero General Public License, Boston, MA, USA). Data are
presented as median and interquartile range. Differences between groups were analyzed by
the Kruskal-Wallis test followed by Dunn’s post-testing. Correlations were calculated using

Spearman’s correlation coefficient. P-values <0.05 were considered statistically significant.

Results

Patient characteristics

Sixty-two patients with pancreatic cancer were included in this study. They had a median age
of 68.3 years, and a median BMI of 24.4 kg/m?. In total, 35 males and 27 females were studied.
The median weight loss percentage in the cohort was 7.2. CT-scan-based body composition
analysis showed that 45.2% of patients were sarcopenic, with a median L3_SMI of 46.7 cm?/m?
for males and of 36.1 cm?/m? for females. The median M_RA value was 35.5 HU for the whole
cohort. L3_VAT and L3_SAT indices were 63.9, 43.6 cm2/m? and 28.9, 67.6 cm?/m? for males
and females, respectively. CRP concentrations were assessed as a measure of systemic

inflammation, and found to have a median value of 9.0 mg/L. Additional descriptive patient

characteristics can be found in table 1.

Based on the consensus definition of cancer cachexia, we next subdivided the group into
patients with and without cachexia. In line with the literature on the prevalence of cachexia
in pancreatic cancer patients, we found that 49 patients (79%) were cachectic and 13 patients
(21%) were not. Patients with cachexia had a significantly lower BMI as compared to patients
without cachexia. Since cachexia is associated with inflammation, and because activation of
the complement system is a key feature of many inflammatory conditions, we further
subdivided the cachexia group into patients with and without inflammation as evidenced by

elevated systemic CRP levels. The median CRP concentration in the group with cachexia but
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without inflammation was 4.0 versus 22.0 in the group with cachexia with inflammation. Body

weight loss was similar between the groups with and without inflammation (median 9.5% IQR

7.3-13.9 versus 9.7% IQR 5.7-12.7).

Table 1. General characteristics of patients with pancreatic tumor according to cachectic

state.
Overall No cachexia Cachexia Cachexia p
!/Vlthout , With inflammation
inflammation
n 62 13 26 23
Male/Female (%) 35/27 (56.5/43.5) 6/7 (46.2/53.8)  14/12(53.8/46.2) 15/8(65.2/34.8)  0.511
Age (years) 68.3[63.1,75.2] 67.6(61.4,76.3] 70.2[63.2,74.8] 67.8[64.9,742]  0.997
Weight (kg) 68.5[58.7,81.5] 76.5(68.0,82.2] 67.1[56.5,78.1]  67.0[59.0,823]  0.150
BMI (kg/m?) 24.4[21.7,26.8]  26.9[25.6,283]  23.5[21.6,26.1]" 23.0[20.7,25.7]' 0.015
Weight loss 7.2 (4,0, 12.2] 1.9 (0.0, 3.0] 9.7[5.7, 12.7]" 9.5(7.3,13.9]" <0.001
percentage (%)
L3_IMAT (cm?)
Male 146(7.2,19.5]  18.0[10.3,21.6] 12.2[6.3,19.7] 135(7.4,17.6]  0.581
Female 9.7[7.6,19.2] 13.9[10.7,18.4]  8.1[7.7,22.3] 7.7 7.2, 13.6] 0.292
M_RA (HU)
Male 35.3(30.8,42.8]  35.5(33.7,383]  32.5[29.4,41.2] 35.3[325,442]  0.757
Female 37.4[30.0,40.7]  37.4[31.4,40.0] 35.6(28.5,409] 36.8[33.1,41.6] 0.843
L3_SMI (cm?/m?)
Male 46.7[41.7,503] 47.0[45.6,48.3] 47.6[43.2,51.3]  43.0[40.3,48.8]  0.564
Female 36.1[34.2,42.5] 38.9(35.8,42.7] 36.7[34.9,42.5] 35.1[335,39.4]  0.665
L3_VATI (cm?/m?)
Male 63.9[33.4,79.7] 70.6[66.3,79.7]  64.6[31.8,851]  44.4[305,71.6]  0.221
Female 28.9[12.4,47.7]  39.7[25.1,48.8]  29.0[10.2,49.4] 28.7[4.8,37.3]  0.446
L3_SATI (cm?/m?)
Male 43.6[316,57.3] 52.1[39.8,59.2] 47.1[34.8,56.0]  39.7[27.1,45.6]  0.349
Female 67.6[49.7,87.8] 87.1(63.8,88.8] 59.3[46.7,77.2]  63.1[30.0,853]  0.413
C3a (ng/mL) 90,0 (52.3,120.8] 61.6[46.8,86.8]  81.4[47.9,124.0] 102.4 [89.4, 158.0]" 0.019
2005.5[1718.6,  1805.1[1552.1,  1938.5[1724.6,  2297.5 [2021.5,
TCC(mAU/mL) — 5eh0 0] 2569.4] 2310.6] 3057.8] 0.051
C1q (ng/mL) 10.5[8.2,13.0]  10.2[9.4, 12.6] 10.3[8.3, 13.2] 113[7.3,13.7]  0.882
437.3[167.8, 694.4 [385.8, 333.7[191.0, 406.4 [138.2,
MBL (ng/mL) 1498.9] 1503.0] 1185.8] 1564.7] 0.730
IL-6 (pg/mL) 5.1[2.9, 15.0] 4.41[13,9.8] 4.1[1.9, 6.5] 11.2[6.0,31.7]F  0.042
CRP (mg/L) 9.0 [4.0, 20.8] 125[103,31.8]  4.0[2.0,5.3]' 22.0[12.8,32.5]"  <0.001

The data are presented as median and interquartile range. Groups were compared using the Kruskal-Wallis test.
*Significant differences in comparison to the no cachexia group. *Significant differences in comparison to the
cachexia without inflammation group. BMI: body mass index; HU: Hounsfield unit; L3_IMAT: L3-intermuscular
adipose tissue; M_RA: muscle radiation attenuation; L3_SMI: L3-muscle index; L3_VATI: L3-visceral adipose
tissue index; L3_SATI: L3-subcutaneous adipose tissue index; TCC: terminal complement complex; Clq:
complement component 1g; MBL: mannose binding lectin; IL-6: interleukin 6; CRP: C-reactive protein. mAU/ml:
milli arbitrary units/ml.

Concentrations of complement factors in the blood of patients with and

without weight loss and inflammation
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We next assessed if we could detect activated complement factors with a key effector role in
the blood of pancreatic cancer patients. Out of the 62 patients of the full cohort, we were able
to assess levels of TCC, the ultimate result of activation of the complement system, for 61
patients. The median systemic concentration of TCC for the whole cohort was 2006 mAU/ml
(IQR 1719-2603). Interestingly, TCC concentrations differed markedly among the subgroups
(see Figure 1A), with the lowest values in the group without cachexia (1805 mAU/ml, IQR
1552-2569), intermediate values in the group with cachexia but without inflammation (1939
mAU/ml , IQR 1725-2311), and the highest values in the group with both cachexia and
systemic inflammation (2298 mAU/ml, IQR 2022-3058, p=0.0511).
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Figure 1. Plasma concentrations of C3a, TCC, C1q, MBL and CRP in patients with pancreatic
cancer. Tukey box and whiskers plots are displayed showing significantly elevated C3a
concentrations in the blood of patients with cachexia and inflammation (panel A, p = 0.0186).
TCC concentrations are higher in this group as well, with a trend towards significance (panel
B, p = 0.0511). Clq (panel C) and MBL (panel D) concentrations do not differ between the
groups. CRP concentrations were lower in cachectic patients without inflammation as
compared to cachectic patients with inflammation or patients without cachexia (panel E, p
<0.0001, p = 0.0137, respectively). The line reflects the median, the hinges of the boxes are
drawn at the 25 and 75t percentile. The dots reflect the outliers as defined by the Tukey

method. The mean concentrations are indicated by the ‘plus’ sign. * p < 0.05.

A similar pattern was observed when we analyzed the concentrations of C3a, a split product
of the central complement component C3 that indicates activation of the complement system,
which we could analyze for 51 patients (see Figure 1B). C3a levels differed significantly across
the groups (p=0.0186), with higher values in the group with cachexia and inflammation
(median 102.4 ng/ml, IQR 89.4-158.0) in comparison to the group with cachexia without
inflammation (median 81.4 ng/ml, IQR 47.9-124.0) and the group without cachexia (median
61.6 ng/ml, IQR 46.8-86.8). Post-testing revealed that the significance was driven by the
difference between the non-cachectic group and the group with cachexia and inflammation
(p=0.0167), whereas the group without inflammation showed a p-value of 0.1720 versus this

latter group.

To gain more insight into initiating complement factors that could be responsible for
complement activation in patients with cachexia and inflammation, we next assessed the
systemic concentrations of C1q and MBL, the initiating factors of the classical and the lectin
pathway, respectively. Whereas we could detect both Clq and MBL in the plasma of 60
patients, we did not observe any significant differences in their concentrations between the
different groups. For C1q, median concentrations were 10.2 pg/ml (IQR 9.4-12.6) versus 10.3
ug/ml (IQR 8.3-13.3) versus 11.3 pg/ml (IQR 7.3-13.7) in the groups without cachexia, with
cachexia but without inflammation, and with cachexia and inflammation, respectively

(p=0.882, see Figure 1C). For MBL, median concentrations were 694.4 ng/ml (IQR 385.8-

42



1503.0) versus 333.7 ng/ml (IQR 191.0-1185.8) versus 406.4 ng/ml (IQR 138.2-1564.7) for

these respective groups (p=0.730, see Figure 1D).

Correlation analysis of complement factors and cachexia parameters

Because the generation of TCC can only occur when the preceding complement factors in the
complement cascade have been activated, we next investigated the assocation between
concentrations of TCC and C3a, one of the upstream activated complement factors, in the
blood of the patients across the entire cohort. Importantly, we found a strong positive
correlation between TCC and C3a concentrations (rs = 0.4684, p = 0.0005, see Figure 2),
supporting that patients with cachexia and inflammation display systemic complement
activation. Additional correlation analyses revealed that Clg concentrations were also
correlated to both TCC and C3a (rs= 0.3002, p = 0.0188, and 0.3942, p = 0.0042, respectively,
see Figure 2). MBL concentrations were not associated with any of the other complement

factors analyzed in Spearman correlation analyses.
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Figure 2. Associations between C3a, TCC, C1q, and CRP. x- and y-plots showing significant
correlations between C3a and TCC as well as between C3a and Clq, and TCC and Clg. No

significant correlation between CRP and C3a.

To study potential interactions between complement activation and hallmarks of cachexia
such as weight loss, body composition features (e.g. skeletal muscle index and adipose tissue
indices, skeletal muscle radiation attenuation), and BMI, we extended the correlation analyses
(see Figure 3). Whereas BMI and body composition features showed the expected strong
correlations, neither of these cachexia-related parameters was correlated to any of the

complement factors assessed in this study.
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Figure 3. Correlation plot showing Spearman correlations between indicated cachexia-

related variables and complement factors. Positive correlations are shown in blue, negative
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correlations in red. The color intensity indicates the strength of the correlation. The asterisks

indicate the level of statistical significance (* < 0.05, ** <0.01, ***<0.001).

Discussion

In the present study, we describe that systemic activation of the complement system is
observed in patients with pancreatic cancer who are cachectic and who display a systemic
inflammatory response as evidenced by elevated CRP levels. Both C3a, a cleavage product of
the central complement C3 component with potent pro-inflammatory functions, and TCC, an
end product of complement activation, are present at higher levels in these patients as
compared to those who are not cachectic, even though the latter group also displayed an
elevation in CRP concentrations. The association between Clg and C3a as well as TCC in these
patients might indicate that the classical pathway of the complement system is involved in

complement activation in patients with pancreatic cancer.

It is well known that inflammation plays a pivotal role in the development of cachexia in cancer
patients [29, 30]. As such, cachexia is generally associated with increased levels of
inflammatory molecules like CRP, TNF-alpha, IL-6, and IL-8. In the current study, we confirmed
that cachectic patients with inflammation as defined by elevated CRP levels display higher
circulating IL-6 concentrations. These cytokines promote tissue wasting in cachexia through
the activation of transcription factors such as NF-kappa B [5, 31]. Analogous to these pro-
inflammatory cytokines, complement factors may be produced by either cancer cells, immune

cells, or metabolic target cells such as hepatocytes or adipocytes [32-35].

In addition to their classical pro-inflammatory functions, various complement factors have
been shown to have a tumor-promoting role in several cancer types [36]. They may promote
cellular proliferation, invasion, and migration, and mediate the development of an
immunosuppressive microenvironment. In view of these contributions of complement to
cancer progression, it is not surprising that we found increased complement activation
products in the plasma of patients with cachexia and inflammation, which are associated with

more advanced cancer [37].
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An important next step will be to identify the cellular and/or tissue sources of complement
activation, and their relative contributions to systemic active complement levels. One clue in
this context may come from the association between the levels of Clq, the initiating factor of
the classical complement pathway, and the levels of complement effectors C3a and TCC that
we observed. C1q can instigate complement activation after direct binding to apoptotic cancer
cells. It can also activate the complement cascade after binding to IgM or IgG antibody-antigen
complexes, which may occur in pancreatic tumors as a result of neo-antigen expression by
tumor cells. Both processes lead to clearance of cells through macrophage phagocytosis which

could promote chronic inflammation as seen in cachexia.

Alternatively, the compromised gut barrier integrity that has been observed in models of
cancer cachexia [38, 39] and cachectic cancer patients [40] may promote complement
activation through the classical pathway as a result of the formation of antibodies complexed
to translocated bacteria. Furthermore, we have previously shown that both Clq, C3a, and
MAC are deposited on steatotic hepatocytes in obese patients with nonalcoholic fatty liver
disease [41]. Since it is known that cancer cachexia is also associated with hepatic steatosis, it
should be investigated if lipid accumulation in the liver of cachectic patients leads to
deposition of activated complement factors as well. In addition, older studies have shown that
several complement factors including C1, C2, C4, and C3 can be synthesized by skeletal muscle
cells in vitro [42, 43], and that they are upregulated by pro-inflammatory cytokines including
IL-1 [42]. Proteomic and transcriptomic analyses support a key role for complement C3 in

myogenesis [44].

Another important question that should be addressed concerns the potential effects of
complement activation in the context of cancer cachexia. Given that C3a and TCC were
specifically increased in those cachectic patients who displayed systemic inflammation, it is
tempting to assume that complement activation in cachexia may propagate or even initiate
the many pro-inflammatory events that play a central role in its pathogenesis. Furthermore,
it is well known that the complement system can affect tissue homeostasis and regeneration
in various conditions. For example, complement factors play a role in removing cellular debris
during skeletal muscle remodeling after injury [45]. In particular, complement C3 has been

shown to be essential for physiological tissue regeneration as evident from the inability of
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damaged cells to be cleared from C3-deficient mice and the subsequent fibrosis that develops
[46, 47]. At the same time, complement is known to participate in muscle destruction in
inflammatory myopathies including myasthenia gravis, dermatomyositis, and
dysferlinopathies [48]. In view of the accumulating evidence for the impact of inflammatory
events on the skeletal muscle microenvironment in the setting of cancer cachexia [49],
complement may also contribute to muscle breakdown in cachexia. In line with this, it was
recently found that complement is activated in the skeletal muscle of pancreatic cancer
patients, and that C3 deficient mice display attenuated muscle atrophy in the KPC model of
pancreatic cancer cachexia (Dr. AR Judge, University of Florida Health Science Center, personal
communication). C1q has also been reported to reduce muscle regeneration in mice [50]. All
in all, it remains to be established to what side the regenerative and destructive effects of

complement in muscle are balanced in the context of cancer cachexia.

This balance is also dependent on the level of expression of regulatory molecules that
inactivate complement factors at various steps of the complement cascade, which should be
investigated in metabolic tissues of patients with cancer cachexia. It has been shown that
myoblasts are protected from complement-mediated destruction and cell lysis by their
abundant expression of the regulatory molecules CD46, CD59, and C4BP [51], but the
expression of these complement inhibitory factors by mature myofibers in vivo is unknown.
Similarly, human hepatocytes are characterized by high expression of a battery of complement
inhibitors, including CD46, CD55, CD59, and factor H [52, 53], although it is not known whether

their expression is stable in metabolic disorders such as obesity or cachexia.

Next to the functions of complement factors in inflammation and tissue regeneration, it is
noteworthy that adipocyte-derived C3a and its desarginated form, also known as acylation-
stimulating protein, have been shown to affect lipid metabolism in adipocytes by stimulating
triglyceride synthesis through inhibition of hormone-sensitive lipase and by increasing glucose
uptake [14]. In addition, systemic levels of complement C3 and C4 have been shown to be
higher in patients with metabolic syndrome [54], and C1q expression has been reported to be
dysregulated in adipocytes during insulin resistance [35], which also occurs in cachexia [55].
Complement factor D, also referred to as adipsin, is another complement protein produced

by adipocytes that appears to affect metabolism by triggering C3a-dependent adipogenic
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signaling in adipose tissue as well as insulin secretion by pancreatic beta cells [14]. It would be
interesting to investigate if the aberrations in lipid metabolism in cancer cachexia are
associated with changes in these complement factors, even when the current consensus is

that expansion, not atrophy, of adipose tissue leads to complement activation.

Even though we showed evidence for complement activation at multiple levels, some
potential limitations of this study should be mentioned. First of all, the study population was
relatively small, with a particularly minor fraction of patients displaying no cachexia, as is to
expected in pancreatic cancer. It will be important to expand this study to other cancer types
with a lower cachexia prevalence to address this concern. In such a follow-up study, additional
inflammation parameters such as TNF-a, IFN-y, and/or IL-1 next to CRP should be included to
get more insight into potential mechanistic links between complement activation and pro-
inflammatory processes in subjects with cancer cachexia. In particular, analysis of other
complement factors that have been implicated in inflammation but also in metabolism and
regeneration, including C5a, properdin, factor D, and factor H, will be informative, next to
analysis of complement regulatory proteins, as discussed above. Such a study should keep the
strengths of the current study design, with analysis of cleavage products of complement
factors reflecting complement activation instead of detection of intact complement fragments
(as is frequently seen in the literature), and with a thorough characterization of cachexia
according to the consensus definition [3]. Finally, it is important to note that the ‘no cachexia
group’ had elevated systemic CRP levels, indicating that this group had inflammation. The
underlying causes of inflammation-related CRP increases might vary for each patient.
However, since we first stratified the patients according to their cachexia status before
subdividing the cachexia group according to CRP levels, we consider that CRP elevations in the
‘no cachexia’ group are not related to the metabolic and inflammatory alterations that come
with cachexia. Our data support this notion since the higher CRP levels of the ‘no cachexia’
group do not translate into increases in other inflammatory molecules known to be elevated

in cachexia such as IL-6 as well as the complement factors C3a, TCC, and Clq.

Given that several complement-targeting therapeutics are already in clinical use [56], more
evidence for complement activation as an important inflammatory process in cachexia could

be the lead-up for intervention studies directed at complement inhibition to treat cachexia.
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However, first, more studies should be done to confirm a role for complement activation in

the pathogenesis of cancer cachexia.
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Abstract

Background: Cancer cachexia is a multifactorial syndrome characterized by body weight loss
and systemic inflammation, resulting in reduced quality of life and poor survival. Lipocalin-2
has recently been implicated in the development of appetite suppression in pancreatic cancer
cachexia. However, the source of the elevated lipocalin-2 levels in cachectic patients is
unknown. We hypothesized that elevated lipocalin-2 in cancer cachexia could be associated
with neutrophil activation and nutritional status of pancreatic ductal adenocarcinoma (PDAC)

patients.

Methods: Plasma levels of neutrophil activation markers calprotectin, myeloperoxidase
(MPOQ), elastase, and bactericidal/permeability-increasing protein (BPl) were compared
between non-cachectic PDAC patients (n=13) and cachectic PDAC patients with high (>26.9
ng/mL, n=34) or low (<26.9 ng/mL, n=34) circulating lipocalin-2 levels. Patients’ nutritional
status was assessed by the patient-generated subjective global assessment (PG-SGA). Body
composition was assessed by analyses of computed tomography slides at the L3 level.
Correlations between circulating lipocalin-2 levels and markers of neutrophil activation as well

as cachexia features were analyzed.

Results: Nevertheless, no difference in circulating lipocalin-2 levels were observed between
cachectic and non-cachectic PDAC patients (median 26.7 (IQR 19.7-34.8) vs. 24.8 (16.6-29.4)
ng/mL, p=0.141). Cachectic patients with high systemic lipocalin-2 levels had higher
concentrations of calprotectin, myeloperoxidase, and elastase than non-cachectic patients or
cachectic patients with low lipocalin-2 levels (calprotectin: median 542.3 (IQR 355.8-724.9) vs.
457.5 (213.3-606.9), p=0.448 vs. 366.5 (294.5-478.5) ng/mL, p=0.009; myeloperoxidase: 30.3
(22.1-37.9) vs. 16.3 (12.0-27.5), p=0.021 vs. 20.2 (15.0-29.2) ng/mL, p=0.011; elastase: 137.1
(90.8-253.2) vs. 97.2 (28.8-215.7), p=0.4101vs. 95.0 (72.2-113.6) ng/mL, p=0.006; respectively).
The CRP/albumin ratio was also higher in cachectic patients with high lipocalin-2 levels
(median 2.3 (IQR 1.3-6.0) as compared to non-cachectic patients (1.0 (0.7-4.2), p=0.041).
Lipocalin-2 concentrations correlated with those of calprotectin (rs=0.36, p=0.0009),

myeloperoxidase (rs=0.48, p<0.001), elastase (rs=0.50, p<0.001), and BPI (rs=0.22, p=0.048).

56



Lipocalin-2 levels of patients with normal versus reduced food intake were not different

(median 26.1 (IQR 24.1-32.7) vs. 25.7 (16.7-31.0) ng/mL, p=0.320). However, lipocalin-2

tended to be elevated in severely malnourished patients compared with well-nourished

patients (median 27.2 (IQR 20.3-37.2) vs. 19.9 (13.4-26.4) ng/mL, p=0.058). Whereas no

significant correlations with weight loss, BMI, or L3 skeletal muscle index were observed,

lipocalin-2 concentrations were associated with subcutaneous adipose tissue index (rs=-0.25,

p=0.034).

Conclusions: These data suggest that elevated lipocalin-2 levels in pancreatic cancer

cachexia are associated with neutrophil activation and contribute to poor nutritional status of

patients.

Abbreviations:

BMI

BPI
CCR2
CRP
ELISA
GDF-15
HU

IL-6
L3-IMAT
L3-SATI
L3-SMI
L3-VATI
LCN-2
MC4R
MPO
NE
NETs
NLR
PDAC
PG-SGA
PVN
SMRA
TCC
TNF-a

Body mass index
Bactericidal/permeability-increasing protein
C-C motif chemokine receptor 2
C-reactive protein

Enzyme-linked immunosorbent assay
Growth/differentiation factor 15
Hounsfield unit

Interleukin-6

L3-intermuscular adipose tissue
L3-subcutaneous adipose tissue index
L3-skeletal muscle index

L3-visceral adipose tissue index
Lipocalin-2

Melanocortin 4 receptor
Myeloperoxidase

Neutrophil elastase

Neutrophil extracellular traps
Neutrophil to lymphocyte ratio
Pancreatic ductal adenocarcinoma

Patient-generated subjective global assessment

Paraventricular nucleus

Skeletal muscle radiation attenuation
Terminal complement complex
Tumor necrosis factor-alpha
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Introduction

Cancer cachexia is a multifactorial syndrome characterized by ongoing body weight loss that
results in reduced quality of life, low tolerance for anti-cancer treatment, and poor survival
[1]. It is highly prevalent in many types of cancers but is most common in pancreatic cancer,
where it affects up to 80% of patients with frequently more than 10% body weight loss [2].
The molecular mechanisms underlying the development of cancer cachexia remain poorly
defined, although tumor-derived catabolic factors such as activins, myostatin, and pro-
inflammatory cytokines arising from tumor-immune system crosstalk are thought to
contribute to its progression [3, 4]. For example, elevated circulating TNF-q, IL-6, and GDF-15
have been reported to be associated with the severity of cachexia in cancer patients and
mouse models [5, 6]. Furthermore, functional data support the participation of pro-
inflammatory factors in tumor progression and cachectic features such as adipose tissue

lipolysis and muscle wasting [7, 8].

Neutrophils are the most abundant immune cells in the circulation of humans (up to 70% of
the total white blood cell count) and form an essential part of the innate immune response
against infection and various other inflammatory cues. They have also been implicated in
pancreatic cancer. For instance, Pratt et al. have shown that gene signatures associated with
neutrophil recruitment are increased in pancreatic ductal adenocarcinoma (PDAC) tissue as
compared to normal pancreatic tissue [9]. Furthermore, high levels of circulating and
intratumoral neutrophils have been shown to correlate with poor survival in patients with
pancreatic cancer [10]. Additionally, neutrophils can promote pancreatic tumor metastasis by
the formation of so-called neutrophil extracellular traps (NETs). Pancreatic cancer cells can
induce the release of NETs in vitro [11], and NETs are elevated in the blood of mice and
patients with PDAC [12, 13]. In the context of cancer cachexia, emerging investigations
revealed increased circulating neutrophils both in patients with cancer cachexia and in
different mouse models of cancer cachexia [1, 14, 15]. Furthermore, blocking C-C motif
chemokine receptor 2 (CCR2) signaling by neutrophils infiltrated in the velum interpositum
region of the brain has been shown to ameliorate cachexia in mouse models of pancreatic

cancer cachexia [16].
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Upon activation by inflammatory stimuli, neutrophils can secrete a plethora of cytotoxic
proteins, including neutrophil elastase (NE), myeloperoxidase (MPO), -calprotectin,
bactericidal/permeability-increasing protein (BPI), and lipocalin 2 (LCN-2, also known as
neutrophil gelatinase-associated lipocalin or NGAL). LCN-2 can also be released by other cell
types including macrophages, adipocytes, and hepatocytes [17]. This protein has been
associated with several diseases such as obesity, type 2 diabetes, breast cancer, and
pancreatic cancer [17, 18]. The biological functions of LCN-2 are diverse and include
antibacterial, anti-inflammatory, as well as pro-metastatic actions [17]. Recently, LCN-2 was
identified as a bone-derived hormone with central metabolic regulatory effects which
suppresses appetite by binding to the melanocortin 4 receptor (MC4R) [19]. Furthermore, a
study in a mouse model of pancreatic cancer cachexia revealed that circulating LCN-2 levels
were increased in cachectic mice and correlated with anorexia and muscle loss; genetic
deletion of LCN-2 ameliorated cachexia-associated anorexia [20]. In the same study, a
significant increase in LCN-2 mRNA was found in circulating neutrophils of cachectic mice and
it was suggested that together with the bone marrow compartment, neutrophils are a
predominant source of circulating LCN-2 during cancer cachexia development. Using IL6- and
Myd88- knockout mice, it was shown that LCN-2 is an inflammation-induced factor in cancer
cachexia [20]. Although it is clear that neutrophil and bone marrow derived-LCN-2 contributes
to cancer cachexia development by suppressing appetite in mice, whether the same

mechanism applies in PDAC patients with cachexia remains unknown.

Given that systemic inflammation is a hallmark of cancer cachexia, and since neutrophils
release cytotoxic proteins and LCN-2 upon activation by inflammatory stimuli, we
hypothesized that neutrophils contribute to systemic inflammation and the release of LCN-2
in cachectic patients with pancreatic cancer. We aimed to 1) investigate the association
between circulating levels of LCN-2 and neutrophil activation markers as well as features of
cachexia in PDAC patients; 2) determine whether there is a link between LCN-2 levels and

appetite in pancreatic cancer patients with cachexia.
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Materials and Methods

Patients

81 patients undergoing pancreaticoduodenectomy for suspected adenocarcinoma of the
pancreas at the Maastricht University Medical Centre (MUMC+) or University Hospital RWTH
Aachen were enrolled in this study. Exclusion criteria were neoadjuvant chemo- and/or
radiotherapy and the presence of another malignancy. This study was approved by the
Medical Ethical Board of the MUMC+ in line with the ethical guidelines of the 1975 Declaration
of Helsinki, and written informed consent was obtained from each subject (METC 13-4-107

and 2019-0977 for patients from MUMC+, EK 172/17 for patients from Uniklink Aachen).

Diagnosis of cancer cachexia and screening of cachexia status

Cachexia was defined according to the international consensus definition as 1) weight loss
>5% over the past 6 months in the absence of starvation, and/or 2) BMI <20 kg/m? and >2%
ongoing weight loss, and/or 3) sarcopenia and >2% ongoing weight loss. Patients were
diagnosed with cancer cachexia if 21 of the criteria were met [1]. Body weight loss was

reported by the patient and body weight data were retrieved from the medical record.

Body composition parameters were quantified by analyzing a cross-sectional CT image at the
third lumbar (L3) vertebra that was acquired preoperatively for diagnostic purposes, using
sliceOmatic 5.0 software (TomoVision, Magog, Canada) for Windows. Using predefined
Hounsfield Unit (HU) ranges, the total cross-sectional area (cm?) of skeletal muscle (SM) tissue
(-29 to 150 HU) was determined. In addition, the total areas of visceral adipose tissue (VAT, -
150 to -50 HU) and subcutaneous adipose tissue (SAT) as well as intramuscular adipose tissue
(IMAT) (-190 to -30 HU) were assessed. Tissue areas (cm?) were adjusted for patient height to
calculate the respective L3-indices (L3-SMI, L3-VATI, L3-SATI) in cm?/m?, which correspond
well with total body muscle and adipose tissue mass [21]. Previously published validated sex-
specific cut-off values (SMI, 45.1 cm?/m? for men and 36.9 cm?/m? for women) that were
established from a local MUMC+ cohort including pancreatic cancer patients [22] were used
for the CT-derived body composition analysis. In addition, the skeletal muscle radiation

attenuation (SMRA) was calculated as the average HU value of the total tissue area for muscle
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(i.e. within the specified range of -29 to 150 HU). A total of 80 patients were included for body
composition analysis (one patient had no CT-scan available). L3-SATI could not be accurately

measured in 8 patients due to their higher BMI.

Assessment of patient's nutritional status and appetite

Patients’ nutritional status was assessed by using the patient-generated subjective global
assessment, a nutritional screening tool: (PG-SGA, category A: well-nourished, category B:
moderate malnutrition, category C: severe malnutrition). Patient's appetite was assessed
according to the question in box 2 of the PG-SGA questionnaire and rated as normal food

intake (unchanged or more than usual) or less than usual food intake.

Plasma preparation

To avoid artefactual neutrophil activation during plasma preparation, venous blood was
collected in EDTA tubes and gently centrifuged at 1500xg at 4°C for 15 min without brake,

after which plasma aliquots were stored at -80°C until analysis.

ELISAs

Levels of circulating neutrophil activation markers calprotectin, myeloperoxidase (MPO),
elastase, bactericidal permeability increasing protein (BPI), and LCN-2 were measured by
solid-phase enzyme-linked immunosorbent assays (ELISA) based on the sandwich principle,
according to the manufacturer’s instructions (Hycult Biotech, Uden, The Netherlands; Human
calprotectin, Catalog #HK379; Human MPO, Catalog # HK324; Human elastase, Catalog #
HK319; Human BPI, Catalog # HK314; Human LCN-2, Catalog # HK330). All plasma samples
were analyzed in duplicate in the same run. The intra- and inter-assay coefficients of variance
of the various assays were < 10%. Clinical laboratory data including circulating C-reactive
protein (CRP), albumin, neutrophils (%), and lymphocytes (%) were measured in the clinical
setting. For some of the patients, these clinical data were not available, the exact number of

the studied patients for these data is indicated in each figure legend.

Statistical analysis
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Statistical analysis was performed using Prism 7.0 for Windows (GraphPad Software Inc., San
Diego, CA) and R (R-4.2.0 for windows system). Data are presented as the median with
interquartile range (IQR). Non-parametric tests were used for statistical analysis (Mann-
Whitney U test for analysis of two groups; Kruskal-Wallis test followed by Dunn’s post-testing
for analysis of multiple groups). Correlations were calculated using Spearman’s correlation
coefficient (rs), and Spearman’s correlation matrix was generated by a Corrplot R package [23].

P values <0.05 were considered statistically significant.

Results

Characteristics of the Study Cohort

A total of 81 patients with PDAC were enrolled in this study (31 females and 50 males). The
median age of the patients was 69.0 years. CT scan-based body composition analysis showed
that 63.7% (n=51) of patients were sarcopenic, with a median L3-SMI of 47.5 (42.8-51.2)
cm?/m? for males and 37.5 (35.1-40.5) cm?/m? for females. The median L3-VAT and L3-SAT
indices were 40.5 (25.3-74.5) cm?/m? and 46.7 (34.7-58.5) cm?/m?,

Given that LCN-2 levels have been reported to correlate with fat and lean mass wasting (two
key features of cachexia) in patients with pancreatic cancer [20], we subdivided cachectic
patients into groups with high or low LCN-2 using a median cut-off value of 26.9 ng/mL (see
Table 1). The median weight loss of the non-cachectic patients was 3.1 (0.7-3.6) %, which was
significantly less than the weight loss of the cachectic patients with high LCN-2 (median 11.5
(7.8-14.1) %, p<0.001) and the cachectic patients with low LCN-2 (median 8.4 (6.5-14.2) %,
p<0.001). According to the PG-SGA, 95% (n=18) of patients with cachexia and high LCN-2 were
malnourished (42% moderate malnutrition (category B) + 53% severe malnutrition (category
C)), which was higher than the prevalence of malnutrition in patients without cachexia (50%;
40% category B + 10% category C) and in patients with cachexia with low LCN-2 (74%; 53%
category B + 21% category C). Further patient characteristics are presented in Table 1, and

Spearman correlations between studied variables are shown in Figure 1.
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Table 1 General characteristics of included patients

Overall No cachexia Cachexia Cachexia P
with low LCN-2 with high LCN-2 value*

n 81 13 34 34

Age (years) 69.0 (62.0, 75.0) 67.0 (58.0, 72.0) 71.9 (64.1, 75.8) 68.7 (61.5, 75.9) 0.463

Sex = M/F (%) 50/31(61.7/38.3) 7/6(53.8/46.2) 17/17 (50.0/50.0) 26/8 (76.5/23.5) 0.066

BMI (kg/m?) 23.8(21.9, 26.5) 25.0(23.5, 26.2) 23.0(21.7,25.9) 24.0(22.0,26.7) 0.327

Weight loss percentage

(%) 8.3(5.2,13.9) 3.1(0.7, 3.6) 8.4(6.5,14.2)* 11.5(7.8,14.1)* <0.001

Sarcopenia = Yes/No (%) 51/29 (63.7/36.2) 9/4(69.2/30.8) 20/13 (60.6/39.4) 22/12 (64.7/35.3) 0.863

PG-SGA n (%) 0.029

A 11 (22.9) 5(50.0) 5(26.3) 1(5.3)

B 22 (45.8) 4 (40.0) 10 (52.6) 8 (42.1)

C 15 (31.2) 1(10.0) 4(21.1) 10 (52.6)

Normal/Less food intake

(%) 24/38 (38.7/61.3) 7/6(53.8/46.2)  8/17(32.0/68.0)  9/15(37.5/62.5) 0.448

SMRA (HU) 35.4(30.4, 42.8) 37.5(35.3,38.9) 33.7(28.6, 43.5) 35.4(30.3,41.5) 0.664
Male 36.2(33.1, 43.2) 36.6 (35.9, 38.9) 34.9 (32.5, 44.0) 36.1(31.7,42.9) 0.787
Female 30.6 (27.5, 39.2) 37.5(26.7, 38.5) 30.6 (27.4, 42.6) 30.0(29.0, 35.5) 0.806

IMAT (cm”) 7.9 (4.3, 14.0) 7.1(3.9, 12.5) 7.7 (4.5,13.2) 8.9(4.6,15.0)  0.782
Male 7.6 (4.2, 13.9) 4.6(3.9,9.4) 6.3 (4.4, 12.6) 9.0(4.1,15.5)  0.516
Female 8.4 (6.1,13.7) 10.7 (5.1, 13.7) 8.8(6.1,11.9) 7.2(6.5,11.1) 0.942

L3-SMI (sz/mz) 43.3(38.0,49.2) 42.9(37.2,47.2) 42.5(38.0, 46.2) 46.2(39.4,51.1) 0.173
Male 47.5(42.8,51.2) 47.2 (45.0, 48.5) 46.5 (42.2, 50.7) 48.0 (44.0,51.4) 0.857
Female 37.5(35.1, 40.5) 37.2(36.9,37.3) 38.9(34.9, 42.5) 38.2 (34.5,39.7) 0.750

L3-VATI (cm’/m’) 40.5(25.3,74.5) 43.5(25.4,50.0) 35.4(25.0,63.8) 51.0(26.1,85.2) 0.291
Male 59.7 (32.0, 87.4) 50.0(35.2,74.3) 49.8 (29.7, 73.9) 66.3(36.9,91.2) 0.436
Female 26.4 (19.6, 39.1) 28.9 (22.2, 40.7) 33.1(20.6, 37.2) 23.0(16.7,29.9) 0.662

L3-SATI (cm’/m’) 46.7 (34.7,58.5) 55.0(39.8,87.1) 48.8(41.9,67.3) 41.4(31.5,51.7) 0.065
Male 42.5(32.1, 54.5) 39.8(27.4,52.6) 51.9 (46.2, 67.3) 40.6 (30.1, 45.5) 0.071
Female 49.7 (42.3,81.5) 87.2(67.7,88.1) 47.4(40.8,65.7) 47.6(42.0,58.7) 0.093

CRP/Albumin ratio 1.6 (0.7,4.2) 1.0(0.4,1.4) 1.2 (0.3, 6.2) 2.3(1.3,6.0)* 0.043

The data are presented as median + IQR. Groups were compared using the Kruskal-Wallis test. * Significant
difference in comparison to the no cachexia group. BMI: body mass index; PG-SGA: patient-generated subjective
global assessment; HU: Hounsfield unit; L3-IMAT: L3-intermuscular adipose tissue; SMRA: skeletal muscle
radiation attenuation; L3-SMI: L3-muscle index; L3-VATI: L3-visceral adipose tissue index; L3-SATI: L3-
subcutaneous adipose tissue index; CRP: C-reactive protein.
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Figure 1. Correlation matrix showing Spearman correlations between patient characteristics
and circulating factors. Positive correlations are shown in blue, negative correlations in red.
The color intensity indicates the Spearman’s correlation coefficient (bottom legend). The

asterisks indicate the level of statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001).

Circulating LCN-2 is higher in males and correlates with systemic inflammation

To assess whether LCN-2 is altered in cancer cachexia, we determined the levels of circulating
LCN-2 by ELISA. Whereas higher LCN-2 levels were observed in cachectic patients (median 26.7
(19.7-34.8) ng/mL) as compared to non-cachectic patients (median 24.8 (16.6-29.4) ng/mL),
the difference was not significant (p=0.141, Figure 2A). In line with other studies [24-26],
circulating LCN-2 levels showed a sex-specific difference, being higher in males than in females

(median 27.8 (23.8-37.8) ng/mL vs. 21.6 (15.9-29.0) ng/mL, p<0.005, Figure 2B).
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Since systemic inflammation is a hallmark of cancer cachexia, and LCN-2 release is associated
with inflammation, we determined the degree of systemic inflammation as expressed by the
CRP to albumin ratio in non-cachectic patients and cachectic patients with low or high LCN-2
levels. As expected, a significantly higher CRP/Albumin ratio was observed in cachectic PDAC
patients with high LCN-2 levels as compared with patients without cachexia (2.3 (1.3-6.0) vs.
1.0 (0.4-1.4), p=0.041, Figure 2C). Furthermore, circulating LCN-2 levels correlated positively
with the CRP/Albumin ratio (rs=0.30, p=0.047, Figure 2D).
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Figure 2. Circulating LCN-2 levels of PDAC patients differ according to sex and correlate with
systemic inflammation. Comparison of circulating LCN-2 levels in PDAC patients with and
without cachexia (A). Comparison of circulating LCN-2 levels between male and female PDAC
patients (B). CRP/Albumin ratio in PDAC patients within the indicated study groups (n=44) (C).
Relationship between circulating LCN-2 levels and CRP/Albumin ratio in PDAC patients (n=44)
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(D). Scatter plots (A-C) show the median + IQR and individual data points in each group. Mann-
Whitney U test for analysis of two groups; Kruskal-Wallis test followed by Dunn’s post-testing
for analysis of multiple groups. Spearman's rank correlation coefficient (rs) was used to test
for the relationship between variables. Significant differences among the groups are signified

by asterisks (* p < 0.05, ** p < 0.01).

Systemic lipocalin 2 levels correlate with levels of neutrophil activation

markers

LCN-2 can be produced by many different cell types, including cells relevant to cachexia such
as adipocytes and hepatocytes [27, 28]. However, it was previously shown that in
experimental cachexia in mice, neutrophils were the main source of LCN-2 [20]. To investigate
the contribution of neutrophils to the systemic LCN-2 pool in pancreatic cancer patients with
and without cachexia, we quantified circulating levels of reliable neutrophil activation markers
calprotectin, MPO, elastase, and BPI in relation to levels of LCN-2. We observed consistent
significant positive correlations between the concentrations of LCN-2 and all tested neutrophil
activation markers (calprotectin: r;=0.36, p<0.001; Figure 3A; MPO: r,=0.48, p<0.001; Figure
3B; neutrophil elastase: rs=0.50, p<0.001; Figure 3C; BPI: rs=0.22, p=0.048; Figure 3D).
Moreover, levels of calprotectin, MPO, elastase, and BPI were also strongly positively

correlated to each other (Figure 1).
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Figure 3. Correlation analysis of circulating LCN-2 and neutrophil activation markers in PDAC
patients. Systemic levels of LCN-2 were positively correlated with levels of calprotectin (A),
MPO (B), elastase (C), and BPI (D). Spearman's rank correlation coefficient (rs) and level of

significance are indicated in the respective plots. N=81.

In addition, when comparing cachectic patients with high versus low levels of LCN-2, the
median MPO levels of cachectic patients in the high LCN-2 group were significantly higher than
those of cachectic patients with low LCN-2 or those found in patients without cachexia
(median 30.3 (22.1-37.9) ng/mL vs. 20.2 (15.0-29.2) ng/mL, p=0.011; vs. 16.3 (12.0-27.5)
ng/mL, p=0.021, respectively) (Figure 4A). Similarly, cachectic patients with high LCN-2 levels
had significantly higher concentrations of calprotectin and elastase than cachectic patients
with low LCN-2 levels (calprotectin: median 542.3 (355.8-724.9) ng/mL vs. 366.5 (294.5-478.5)
ng/mL, p=0.009, elastase: 137.1 (90.8-253.2) ng/mL vs. 95.0 (72.2-113.6) ng/mL, p=0.006)
(Figures 4B, 4C). However, no significant differences in calprotectin and elastase levels were

observed between patients without cachexia and patients with cachexia with either high or
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low LCN-2 levels (Figures 4B, 4C). For BPI, no significant differences were observed between
cachectic patients with high LCN-2 (median 3.6 (0.4-8.9) ng/mL) and patients without cachexia
(5.4 (2.1-7.3) ng/mL, p=0.584) or cachectic patients with low LCN-2 levels (2.9 (0.4-8.6) ng/mL,
p=0.931) (Figure 4D). Taken together, these data strongly indicate that elevated LCN-2 levels

in PDAC patients are associated with neutrophil activation.
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Figure 4. Circulating levels of neutrophil activation markers in PDAC patients without
cachexia and in cachectic patients with high or low LCN-2 levels. Comparison of systemic
levels of calprotectin (A), MPO (B), elastase (C), and BPI (D) in PDAC patients without cachexia

and in cachectic patients with high or low LCN-2 levels. Scatter plots show the median + IQR
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and individual data points in each group. For statistical analysis, the Kruskal-Wallis test
followed by Dunn’s multiple comparisons test was used. Significant differences among the

groups are signified by asterisks (* p < 0.05, ** p < 0.01).

Circulating LCN-2 does not correlate with neutrophil abundance or cachexia

features

To investigate whether circulating LCN-2 levels correlate with neutrophil abundance and
cachexia features in PDAC patients, we performed correlation analyses. As shown in Figure
5A-C, circulating LCN-2 levels did not correlate with either neutrophil content (%) or
neutrophil to lymphocyte ratio (rs=0.35, p=0.215, rs=0.04, p=0.916, respectively), albeit this
information was only available for 14 and 12 patients, respectively. Likewise, no correlation
between circulating LCN-2 levels and cachexia features such as weight loss (%) (rs=0.17,
p=0.120, Figure 5D), body mass index (rs=0.04, p=0.748, Figure 5E), or skeletal muscle index
(rs=0.22, p=0.054, Figure 5F) were observed. However, a negative correlation between plasma

LCN-2 and subcutaneous fat index (SATI) was found (rs=-0.25, p= 0.034) (Figure 5G).
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Figure 5. Circulating LCN-2 levels do not correlate to neutrophil abundance and cachexia
features in pancreatic cancer patients. Correlation analysis between circulating LCN-2 levels
and circulating neutrophil percentage (n=14) (A), circulating lymphocyte percentage (n=15)
(B), and neutrophil to lymphocyte ratio (NLR) (n=14) (C). Relationship between circulating LCN-
2 levels and cachexia features weight loss (%) (D), body mass index (E), skeletal muscle index
(n=80) (F), as well as subcutaneous fat index (n=72) (G). Spearman's rank correlation

coefficient (rs) was used for the relationship between variables.

Neutrophil activation is associated with complement system activation in PDAC patients

Next, we focused on potential causes of neutrophil activation. Since it is well-known that
complement factors promote neutrophil activation [29] and because we previously reported
complement system activation in patients with cancer cachexia [30], we investigated whether
neutrophil activation was associated with complement system activation in a subgroup of
patients in the current cohort that overlapped with the cohort reported on in [30] (n=16).
Patient characteristics of this subgroup are shown in Supplementary Table 1. Interestingly,
both C3a, a cleavage product of the central complement C3 component, and terminal
complement complex (TCC), an end product of complement activation, were strongly
positively correlated with the studied neutrophil activation markers calprotectin (C3a: rs=0.51,
p=0.046; TCC: rs=0.47, p=0.066; Figures 6A, 6B), MPO (C3a: rs=0.80, p=<0.001; TCC: rs=0.52,
p=0.041; Figures 6A, 6B), elastase (C3a: rs=0.52, p=0.040; TCC: rs=0.53, p=0.036; Figures 6A,
6B), and BPI (C3a: rs=0.43, p=0.095; TCC: rs=0.28, p=0.292; Figures 6A, 6B). This suggests that
complement activation may contribute to neutrophil activation in patients with pancreatic

cancer.
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Figure 6. Correlation analysis of neutrophil activation markers and complement system
activation markers. Relationship between systemic levels of C3a and calprotectin, MPO,
elastase, BPI and LCN-2 (A). Relationship between systemic levels of TCC and calprotectin,
MPO, elastase, BPl and LCN-2 (B). n=16 for each graph. Spearman's rank correlation coefficient

(rs) and level of significance are indicated in the respective plots.

LCN-2 levels in severely malnourished patients with pancreatic cancer

Given that administration of LCN-2 has been shown to suppress appetite in mouse models of
pancreatic cancer cachexia [20], we next examined the link between LCN-2 levels and the
nutritional status of patients using the validated PG-SGA questionnaire, which contains
questions about food intake. Whereas patients with cachexia had a higher prevalence of poor
appetite than non-cachectic patients, the difference was not significant (65.3% (32/49) vs.
46.2% (6/13), Table 1, p=0.448). Moreover, no significant difference was observed between
PDAC patients with normal food intake and PDAC patients with less food intake in terms of
circulating LCN-2 (median 26.1 (24.1-32.7) ng/mL vs. 25.7 (16.7-31.0) ng/mL, p=0.320, Figure
7A). However, we found that LCN-2 levels tended to be higher in patients with poor nutritional
status (PG-SGA category A vs. category B vs. category C, median 19.9 (13.4-26.4) ng/mL vs.
27.2 (19.3-32.1) ng/mL vs. 27.2 (20.3-37.2) ng/mL, p=0.058, Figure 7B).
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Figure 7. Circulating LCN-2 levels in PDAC patients according to food intake and nutritional

status. Comparison of systemic levels of LCN-2 in PDAC patients with normal versus reduced
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food intake (A). LCN-2 levels in plasma from well-nourished (category A), moderately
malnourished (category B) and severely malnourished (category C) PDAC patients (B). Scatter
plots showing the median + IQR and individual data points in each group. For statistical
analysis, the Mann—Whitney U test was used for two groups and Kruskal-Wallis test followed
by Dunn’s post-testing for analysis of multiple groups. Significant differences among the

groups are signified by asterisks (* p < 0.05).

Discussion

It was previously reported that LCN-2 increases in pancreatic cancer patients correlate with
loss of fat and muscle, two key features of cachexia [20]. Based on relatively weak correlations
to neutrophil abundance and the neutrophil/lymphocyte ratio, the LCN-2 elevations were
attributed to neutrophil expansion [20]. The current study provides several lines of evidence
for a contribution of neutrophil activation to the elevated LCN-2 levels in patients with
pancreatic cancer. We showed strong correlations between circulating levels of LCN-2 and the
degree of systemic inflammation (CRP/albumin ratio) as well as a set of four different
neutrophil activation markers and demonstrated that cachectic patients with high systemic
LCN-2 levels have significantly higher levels of the neutrophil activation markers calprotectin,
MPO, and elastase than patients with low LCN-2 levels. Furthermore, consistent correlations
between these neutrophil activation markers and activated complement factors C3a and TCC
were observed in these patients, suggesting that systemic complement activation may
contribute to neutrophil activation in pancreatic cancer. Of note, although circulating LCN-2
levels were not related to cachexia and food intake, higher LCN-2 levels were associated with
worse nutritional status of patients. Taken together, these results suggest that elevated LCN-
2 in cachectic patients with pancreatic cancer is related to neutrophil activation and

complement activation.

LCN-2 is a polypeptide released by several cell types including adipocytes, hepatocytes,
epithelial cells, and neutrophils. Elevated circulating LCN-2 has been found in many types of
cancer and promotes malignant development in cancer patients [18, 31]. The functional roles
of LCN-2 include regulating body fat mass and lipid metabolism as well as immune responses

to inflammatory stimuli. As a biomarker of inflammation, LCN-2 has been associated with
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chronic inflammatory disorders such as inflammatory bowel disease, obesity, and pancreatic
cancer [18, 32, 33]. In line with this, we found a positive correlation between circulating LCN-
2 levels and systemic inflammation. However, LCN-2 levels were not associated with cachexia
status of the patients. Of note, the mean concentration of LCN-2 in our cohort was 28.2 ng/mlL,
which is much lower than the levels of 150.3 and 217.5 ng/mL reported by Olson et al. in two
different patient cohorts [20]. A possible explanation for this discrepancy is that different
methods were used for plasma preparation. To avoid neutrophil activation during plasma
sample preparation, we applied careful centrifugation, which is unlikely to be performed in
retrospective studies where collected blood undergoes routine processing procedures at

clinical chemistry departments.

Recently, emerging evidence revealed that LCN-2 suppresses appetite in mice. For example,
Mosialou and colleagues demonstrated that LCN-2 suppresses food intake in mice by crossing
the blood-brain barrier and binding to its receptor MC4R in the hypothalamic paraventricular
nucleus (PVN) [19]. Similar appetite suppression by LCN-2 was observed in primates who
received daily administration of recombinant human LCN-2 which resulted in a 21% decrease
in food intake [34]. In the context of cancer cachexia, a more recent study showed that
administration of LCN-2 to mice reduced food intake and decreased body weight, while
deletion of LCN-2 restored appetite in a mouse model of pancreatic cancer cachexia [20]. To
explore the relevance of this finding in human pancreatic cancer cachexia, we compared LCN-
2 levels between PDAC patients with normal or reduced food intake and investigated the
relationship between circulating LCN-2 and several features of cachexia including weight loss,
body composition, and nutritional status. While LCN-2 is able to suppress appetite in mice
with pancreatic cancer cachexia, we did not observe a relationship between food intake and
LCN-2 levels in our patient cohort. Moreover, circulating LCN-2 levels did not correlate with
weight loss and body mass index, although a significant negative association between
circulating LCN-2 and the subcutaneous adipose tissue volume was observed. Also, LCN-2
levels were higher in patients that were malnourished according to the PG-SGA. Thus,
although our data do not provide evidence for a direct link between LCN-2 and appetite in the
context of human pancreatic cancer cachexia, LCN-2 may still indirectly affect cachexia-related

nutritional factors.
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Previously, we reported complement system activation in pancreatic cancer patients with
cachexia [30]. To gain an understanding of the potential relationship between neutrophil
activation and complement activation in PDAC patients with cachexia, we performed
correlation analysis. Intriguingly, we found strong correlations between all neutrophil
activation markers studied and the central complement system activation markers C3a and
TCC. A previous in vitro study showed that neutrophils activate the alternative pathway of
complement and release C5 fragments that further enhance neutrophil activation [29], which
is in line with our current observations. Furthermore, several studies have shown that the
treatment of human neutrophils with C3a leads to neutrophil degranulation, aggregation, and
chemotaxis [35, 36]. Thus, complement and neutrophil activation in these patients may result

from a positive feedback loop.

In obesity and type 2 diabetes, neutrophilic inflammation has been shown to be involved in
the development of insulin resistance and other metabolic aberrations [37, 38]. In line with
this, we found a correlation between SMRA and levels of neutrophil activation markers
elastase and BP (see Figure 1), which could suggest that neutrophil activation also promotes
inflammation in skeletal muscle tissue of pancreatic cancer patients leading to insulin
resistance and lipid accumulation. In addition, we could corroborate the previously described
differences in LCN-2 levels between males and females [24-26], with higher levels in males. It
would be interesting to explore if this contributes to the recently reported sex differences in
the progression of cancer cachexia [39, 40], also given that we identified a correlation

between LCN-2 and SATI, which is higher in females.

Certain limitations of this first clinical study on circulating LCN-2 levels in association with
neutrophil activation in pancreatic cancer patients should be acknowledged. First, the study
population was relatively small, and our results should be validated in a larger patient cohort.
Second, the applied cut-off value for LCN-2 was based on the median value in cachectic
patients which should be optimized by generating ROC curves in future large cohort studies.
Third, although sarcopenia (defined by low SMI) is usually strongly associated with cachexia,
cachectic patients in our study did not have a lower SMI than non-cachectic patients. Since
self-reported unintentional weight loss of >5% is the central diagnostic criterion for cachexia,

this “subjective” value could obscure actual differences in the SMI of each group. Finally,
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although a strong positive correlation between circulating LCN-2 and neutrophil activation
markers was observed which is in line with activated neutrophils as the main source of LCN-2,
we cannot exclude the contribution of bone-derived LCN-2 to circulating levels in the patients

studied.

In conclusion, the present study shows that circulating LCN-2 is associated with neutrophil
activation in pancreatic cancer patients, irrespective of their cachexia status. Generalized
activation of the innate immune system seems to contribute to the production of circulating
LCN-2 as indicated by the correlations between neutrophil activation markers and activated
complement components. Follow-up studies investigating the potential of LCN-2 as a
therapeutic target in cancer cachexia are warranted given the association between its levels

and the nutritional status of PDAC patients.
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Supplementary Table 1
Patient characteristics

Overall No cachexia Cachexia p-value

n 16 4 12

Age (year) 71.0 (59.0, 75.0) 64.0 (54.5, 74.2) 71.0 (63.0, 75.0) 0.715
BMI (kg/m?) 24.2 (22.6, 26.5) 25.2 (24.4,26.8) 23.8(21.8, 26.5) 0.275
Weight loss (%) 7.4(4.4,11.3) 3.6(3.0,3.7) 9.5(6.9, 12.9)* 0.004
SMRA (HU) 36.9(29.8,40.1) 38.8(34.9,41.2) 35.7(29.8,39.3) 0.396
L3-SMI (cm?/m?) 42.2(39.2,48.3) 40.6 (37.1, 45.4) 42.2(39.8,48.3) 0.467
L3-VATI (cm?/m?) 54.9 (30.6, 74.7) 39.0(30.5, 47.0) 64.0 (32.2,78.7) 0.182
L3-SATI (cm¥/m?) 51.9 (32.5, 71.8) 74.2 (53.8, 87.4) 50.6 (31.4, 56.7) 0.192
CRP/Albumin 0.9 (0.4, 2.5) 0.5(0.4,0.9) 1.0 (0.6, 6.0) 0.404
LCN-2 (ng/mL) 26.0 (24.5,29.7) 22.1(17.7,26.9) 27.4(24.8,29.7) 0.203
Calprotectin (ng/mL) 314.2 (221.9, 488.4) 262.4(187.9, 361.5) 314.2 (235.2, 605.1) 0.332
MPO (ng/mL) 21.8 (16.6, 30.3) 17.1(12.8, 21.0) 24.4 (17.6, 32.3) 0.090
Elastase (ng/mL) 89.9 (66.1, 96.3) 76.8 (52.5,97.1) 89.9 (68.8, 93.6) 0.716
BPI (ng/mL) 5.0 (1.5, 7.2) 4.0(2.1,5.8) 5.2 (1.5, 8.1) 0.716
C3a (ng/mL) 70.6 (43.0, 104.9) 53.0 (43.1, 74.8) 84.4 (42.4,106.4) 0.716

TCC (mAU/mL)

2117.2 (1452.2, 2412.0) 1670.6 (1511.9,1919.4) 2173.1(1434.2,2731.6) 0.467

The data are presented as median + IQR. Groups were compared using the Mann—-Whitney U test. * Significant
difference in comparison to the no cachexia group. BMI: body mass index; HU: Hounsfield unit; L3-IMAT: L3-
intermuscular adipose tissue; SMRA: skeletal muscle radiation attenuation; L3-SMI: L3-muscle index; L3-VATI: L3-
visceral adipose tissue index; L3-SATI: L3-subcutaneous adipose tissue index; CRP: C-reactive protein; LCN-2:
lipocalin 2; MPO: myeloperoxidase: BPI: bactericidal permeability increasing protein (BPI); TCC: terminal

complement complex.
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Chapter 6

Introduction

Cancer cachexia is a multifactorial and devastating syndrome characterized by substantial
body weight loss, involving, in particular, loss of skeletal muscle and adipose tissue that cannot
be fully reversed by nutritional supplementation. Currently, no effective interventions or
treatments are available for patients with cancer cachexia. Cancer patients with cachexia
usually display systemic inflammation, anorexia, muscle weakness, lower responsiveness to
anticancer therapies, and poor survival. The morbidity of cancer cachexia varies depending on
tumor type, location, and stage. Pancreatic cancer has the highest prevalence of cachexia (up
to 80%), followed by gastro-oesophageal cancer and head/neck cancer. Cachexia affects 50-
80% of patients with advanced-stage cancer and is thought to be directly responsible for 20%

of cancer-related deaths.

It is well documented that systemic inflammation plays a vital role in the pathogenesis of
cancer cachexia. Many studies have therefore focused on identifying the catabolic cytokines
released by tumor cells or innate and adaptive immune cells inside and outside of the tumor
microenvironment. However, the characterization of the immune system in the context of
cancer cachexia is still rather incomplete. For example, the role of the complement system in
the inflammatory response seen in pancreatic cancer patients with cachexia is unknown, even
though the complement system is a central component of the innate immune system that is
closely related with inflammatory conditions and generalized as well as local immune
responses. Furthermore, the potential impact of neutrophil activation in the setting of cancer
cachexia has only recently gotten some attention. As a main player in the innate immune
system, neutrophils are involved in the host defense against micro-organisms by mounting
acute inflammatory responses, for example by their phagocytic functions, degranulation of
cytotoxic compounds, and formation of NETs. Besides their functions mentioned above,
neutrophils have recently been reported to be involved in cachexia-associated anorexia in
mice by releasing LCN-2 (also known as neutrophil gelatinase-associated lipocalin), which
crosses the blood-brain barrier, binds to the melanocortin 4 receptor (MC4R) in the
hypothalamus, and stimulates an MC4R-dependent anorexigenic pathway. However, whether

the same mechanism is operational in PDAC patients with cachexia remains unknown.
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Sarcopenia or loss of muscle mass is one of the criteria for the diagnosis of cancer cachexia
and is widely studied in cancer patients with cachexia. In contrast, myosteatosis, also known
as fat infiltration in skeletal muscle, has received much less attention in the context of cancer
cachexia even though it is also associated with muscle wasting and has a strong negative

impact on patients’ prognosis.

In this thesis, several factors reflecting the role of complement and neutrophil activation as
well as myosteatosis in pancreatic cancer patients with or without cachexia were broadly
studied. In this chapter, several of these pancreatic cancer cachexia-related aspects will be
discussed: 1) complement system activation in patients with cancer cachexia; 2) neutrophil
activation and the role of circulating LCN-2 in pancreatic cancer cachexia; 3) myosteatosis in

pancreatic cancer patients with cachexia and the potential mechanisms underlying it.

Complement system activation in patients with cancer cachexia

Complement system activation is an ancient defense mechanism against invading pathogens
which is initiated by C3 activation through so-called classical, lectin, and/or alternative
pathways. Inappropriate complement system activation has been associated with various
diseases such as nonalcoholic fatty liver disease, systemic lupus erythematosus, systemic
autoimmune disease, carcinogenesis as well as cancer progression. In the context of cancer
cachexia, complement system activation had not yet been explored. In Chapter 2, therefore,
we investigated whether systemic activation of the complement system occurred in
pancreatic cancer patients with cachexia and if it correlated with the canonical marker of
systemic inflammation, CRP. The results showed that complement system activation was
present in pancreatic cancer patients with cachexia, particularly in those with a systemic
inflammatory response as evidenced by elevated plasma CRP levels. These patients displayed
higher levels of C33, a cleavage product of the central complement C3 component with potent
pro-inflammatory functions, and TCC, an end product of complement activation, as compared
to those who were not cachectic, even though the latter group also displayed an elevation in
CRP concentrations. Furthermore, a strong correlation between C1q and C3a, as well as TCC,
was observed in these patients, which may indicate that the classical pathway of the

complement system is involved in complement activation in patients with pancreatic cancer.
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The complement system is closely associated with inflammation. For example, stimulation of
human astrocytomas, epithelial cells, monocytes, or monocyte-derived macrophages with C3a
or C5a induces the production of proinflammatory mediators such as IL-1b, TNF-a, IL-6, and
IL-8 [1-4]. Furthermore, a recent study revealed that C3 was expressed in synovial sub-lining
fibroblasts from patients with rheumatoid arthritis and that its levels increased with repeated
TNF-a stimulation in vitro [5]. Systemic inflammation is one of the key cachexia features. As
such, cachexia is generally associated with increased levels of inflammatory molecules such as
CRP, TNF-q, IL-6, and IL-8. In the current study, we confirmed that cachectic patients with
inflammation as defined by elevated CRP levels displayed higher circulating IL-6
concentrations. Besides their classical pro-inflammatory functions, various complement
factors have been shown to be involved in carcinogenesis in several types of cancer [6]. They
can promote cellular proliferation, invasion, and migration, and mediate the development of
an immunosuppressive microenvironment [7]. For instance, using a TC-1 syngeneic mouse
model of cervical cancer, Markiewski and colleagues revealed that C5a deposition in the tumor
microenvironment promotes tumor growth, and that this effect was inhibited by
pharmacological blockade of C5a receptor [8]. Furthermore, previous studies have shown that
C3a/C3aR and C5a/C5aR binding results in activation of P38/ERK MAPK and
phosphatidylinositol  3-kinase-AKT-mammalian target of rapamycin (PI3K-AKT-mTOR)
signaling pathways, which are strongly linked to oncogenesis [9-13]. In view of these
contributions of the complement system to cancer progression, it is not surprising that we
found increased complement activation products in the plasma of patients with cachexia and

inflammation, which are characteristics associated with more advanced cancer [14].

In vitro, neo-antigen expression by tumor cells induces IgM or IgG antibodies, which can bind
to Clq resulting in the activation of the classical complement pathway. Furthermore, the
classical complement pathway can also be activated by the binding of C1q to apoptotic cells.
Both processes lead to the clearance of cells through macrophage phagocytosis, which could
promote chronic inflammation as seen in cachexia. C1q is an initiator molecule in the classical
complement system activation pathway that has been associated with many pathological
disorders including autoimmunity, glomerulonephritis, arterial stiffness, and cancer [15, 16].
Unlike other complement proteins that are mainly produced by the liver, Cl1q can be

synthesized by various cell types including macrophages [17, 18], epithelial cells [19],
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mesenchymal cells [20], dendritic cells [21], mast cells [22], fibroblasts [23], endothelial cells
[24], as well as pancreatic cancer cells [25]. Any of the cells mentioned above could contribute
to systemic active complement by stimulating C1g-C3a signaling. Further studies are needed
to identify the cellular and/or tissue sources of cancer related complement activation. The
direction in this context may focus on the classical complement pathway-related complement
factors such as C1r/s, C2, and C4 given the association between the levels of Clq, the initiating
factor of the classical complement pathway, and the levels of complement effectors C3a and

TCC that we observed.

Emerging investigations have revealed that gut barrier dysfunction is correlated with the
development of cancer cachexia in mouse models as well as patients [26, 27]. It could
therefore be hypothesized that the complement system might be activated through the
classical pathway in these patients as a result of the formation of antibodies complexed to
translocated bacteria. Furthermore, a study in mice showed that complement C3 contributed
to alcohol-induced liver steatosis [28]. In line, our lab previously showed that both Clq, C3a,
and MAC are deposited on steatotic hepatocytes in obese patients with nonalcoholic fatty
liver disease [29]. Since cancer cachexia is associated with hepatic steatosis, it should be
investigated if lipid accumulation in the liver of cachectic patients leads to the deposition of
activated complement factors as well. In skeletal muscle, activation of the classical pathway
of complement in patients with immune-mediated necrotizing myopathies has been reported
and correlated with muscle fiber necrosis [30]. In addition, older studies have also shown that
several complement factors, including C1, C2, C4, and C3, can be synthesized by skeletal
muscle cells in vitro [31, 32], and that they are upregulated by pro-inflammatory cytokines
including IL-1 [32]. Given the accumulating evidence for the impact of inflammatory events on
the skeletal muscle microenvironment in the setting of cancer cachexia [33], complement
activation may also contribute to muscle breakdown in cachexia. In line with this, it was
recently found that complement is activated in the skeletal muscle of pancreatic cancer
patients and that C3-deficient mice displayed attenuated muscle atrophy in the KPC model of
pancreatic cancer cachexia (Dr. AR Judge, University of Florida Health Science Center, USA,
personal communication). Of note, complement C3 also seems to benefit skeletal muscle
regeneration by activating the C3a—C3aR signaling pathway after injury [34]. Furthermore,

proteomic and transcriptomic analyses support a key role for complement C3 in myogenesis
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[35]. All in all, it remains to be established to what side the regenerative and destructive

effects of complement in muscle are balanced in the context of cancer cachexia.

Besides the functions of complement factors in inflammation and tissue regeneration,
complement proteins are also known to be involved in regulating adipose tissue lipid
metabolism. On the one hand, adipose tissue can be a target organ of complement activation
that potentially promotes atrophy of fat compartments in the body. On the other hand,
adipose tissue releases a variety of complement components, including C1, C3, factor B, factor
D, factor H, and properdin. Among these complement components, C3 fragment C3a-desArg
(also known as acylation-stimulating protein), has been shown to affect lipid metabolism in
adipocytes by stimulating triglyceride synthesis through the inhibition of hormone-sensitive
lipase and by increasing glucose uptake [36]. In addition, systemic levels of complement C3
and C4 are higher in patients with metabolic syndrome [37], and Clqg, complement factor B
and factor H expression have been reported to be dysregulated in adipocytes during insulin
resistance [38], which also occurs in cachexia [39]. Since complement activation (especially
through C3a-C3aR and C5a-C5aR signaling) in adipose tissue thus may support adipose
expansion instead of wasting/atrophy, it would be interesting to investigate if the aberrations
in lipid metabolism in cancer cachexia are associated with changes in these complement

factors.

Neutrophil activation and the role of circulating LCN-2 in pancreatic cancer

cachexia

Neutrophils are the most abundant immune cells in the circulation of humans (up to 70% of
the total white blood cell count) and form an essential part of the innate immune response
against infection and various other inflammatory cues. In the context of cancer, neutrophil
infiltration in the tumor microenvironment has been shown to be involved in promoting tumor
growth, invasion, and metastasis. In addition, a more recent study has shown that neutrophil-
derived LCN-2, also known as neutrophil gelatinase-associated lipocalin, participates in the
development of cancer cachexia by mediating appetite suppression in mouse models of

pancreatic cancer cachexia. This study highlighted that besides neutrophils' function in the
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host defense against micro-organisms, tumorigenesis, and cancer progression, they also play

a role in regulating metabolic processes.

In Chapter 3, we determined the circulating LCN-2 levels in pancreatic cancer patients with or
without cachexia and assessed their relationship with neutrophil activation markers and
systemic inflammation as well as specific cancer cachexia features. Our results revealed that
elevated circulating LCN-2 levels in cachectic patients with pancreatic cancer were related to
neutrophil activation, potentially as a result of complement activation, and that they may
contribute to a poor nutritional status. This conclusion is based on several lines of evidence:
1) A strong correlation between circulating levels of LCN-2 and markers of systemic
inflammation (CRP/Albumin ratio) or neutrophil activation; 2) Cachectic patients with high
systemic LCN-2 levels have significantly higher levels of neutrophil activation markers; 3)
Consistent and strong correlations between neutrophil activation markers and activated
complement factors C3a and TCC were observed in these patients; 4) Pancreatic cancer

patients with malnutrition showed a trend toward increased circulating LCN-2 levels.

LCN-2 is an innate immune protein and has been used as a biomarker in inflammatory and
metabolic diseases such as obesity, heart failure, and kidney damage. LCN-2 can be
synthesized by many types of cells including hepatocytes, adipocytes, macrophages, epithelial
cells, endothelial cells, astrocytes, renal cells, osteoblasts, and neutrophils upon stress
conditions and inflammatory stimuli. Several pro-inflammatory mediators such as TNF-a, IFNy,
IL-1B, and IL-6 have been shown to be involved in LCN-2 production. For example, 3T3-L1
adipocytes treated with TNF-a, IL-1B, or IL-6 responded with a significant LCN-2 expression
and secretion [40]. In neutrophils, LPS and TNF-a are known as two strong inducers of LCN-2
expression [41]. Previous studies have also shown that the promoter of LCN-2 includes
transcription factor binding sites for NF-kB and C/EBP [40], which have been implicated in the
development of cancer cachexia, like the pro-inflammatory factors TNF-a, IL-1B, and IL-6 [42-
44]. In Chapter 3, we showed that cachectic PDAC patients with higher systemic LCN-2 levels
had significantly higher systemic inflammation (CRP/Albumin) as compared to non-cachectic

patients and a strong correlation between circulating LCN-2 levels and systemic inflammation.
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It would be interesting to investigate if circulating LCN-2 also correlates with levels of pro-
inflammatory cytokines in cancer patients with cachexia. Furthermore, a study in mice showed
that overexpression of LCN-2 in adipose tissue promotes the beiging of inguinal white adipose
tissue [45]. Given that a switch from white adipose tissue to brown adipose tissue is being
recognized as a characteristic of cancer cachexia [46, 47], and a strong correlation between
circulating LCN-2 levels and subcutaneous fat mass was observed in our study cohort, further
studies exploring the effect of LCN-2 on adipose tissue lipolysis and browning should be

encouraged.

LCN-2 was first purified and identified in neutrophils by Kjeldsen et al. in 1993 [48]. Upon
activation by inflammatory stimuli, neutrophils can release NETsand secrete a plethora of
cytotoxic proteins, including neutrophil elastase, myeloperoxidase, calprotectin, and
bactericidal/permeability-increasing protein [49]. Using immunohistochemical analyses, Li
and colleagues demonstrated that LCN-2 protein is present in NETs from activated neutrophils
in both mice and humans [50]. Given that a higher level of neutrophil activation markers was
observed in cachectic patients with high LCN-2 levels, it would be interesting to investigate
neutrophil derived-NETs and cytotoxic protein levels in skeletal muscle, adipose tissue as well
as tumor tissue of cachectic patients. Our results showed a strong positive correlation
between neutrophil activation and complement activation in pancreatic cancer patients, the
latter of which was reported in Chapter 2. Interestingly, neutrophil exposure to complement
fragment C5a has been reported to promote NETs formation [51]. In addition, complement
fragment C5a has also been reported to stimulate neutrophil activity such as glucose uptake,
phagocytosis, and reactive oxygen species generation [52]. Thus, a potential mechanism
underlying elevated circulating LCN-2 in pancreatic cancer patients with cachexia is that
neutrophils release LCN-2 as a result of activation triggered by elevated systemic inflammation

(CRP to albumin ratio) and/or complement system activation.

Besides the role of LCN-2 in innate immunity, it is also involved in tumor invasion and
metastasis. Several studies have reported high levels of LCN-2 in patients with cancer such as

cervical cancer, breast cancer, and endometrial cancer [53-55], where its levels correlate with
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the development of metastasis. For example, a study revealed that the monomeric form of
LCN-2, matrix metalloproteinase-9 (MMP-9), and the MMP-9/LCN-2 complex were
significantly increased in breast cancer patients as compared with healthy controls. The
binding of LCN-2 to MMP-9 generates an MMP-9/LCN-2 complex that protects MMP-9 from
autodegradation and upregulates MMP-9 activity in vitro [56, 57]. In the same study,
significant correlations between serum MMP-9 and LCN-2 and breast disease severity scores
were observed [58]. As an epithelial-mesenchymal transition-associated protein, MMP-9 can
degrade basement membranes and the extracellular matrix, promoting tumor invasion and
metastasis [59]. Cancer cachexia is highly prevalent in patients with advanced cancer. Since
many pancreatic cancer patients in our studies were already at the advanced stage at the time
of diagnosis, we expected to find elevated circulating LCN-2 levels in pancreatic cancer
patients with cachexia. However, even though circulating LCN-2 levels trended towards an
increase in pancreatic cancer patients, the difference was not significant. In addition, no
correlation between circulating LCN-2 levels and BMI, body weight loss, or skeletal muscle
mass was observed. These results may suggest that circulating LCN-2 does not associate with
the development of cancer cachexia in humans. In this context, it is noteworthy that
contradictory results regarding the role of LCN-2 in promoting tumor invasion and metastasis
have also been reported. In particular, Lu and colleagues demonstrated that overexpression
of LCN-2 in HOS osteosarcoma cells inhibits their motility, invasion, and migration via
activation of the MEK—ERK pathway, and LCN-2 silencing promotes motility and migration
[60]. To address the question of whether LCN-2 promotes pancreatic cancer invasion and
metastasis, further studies are needed. These studies should include analyses of MMP-9 and

the MMP-9/LCN-2 complex.

Like GDF-15, LCN-2 has the ability to regulate appetite. In 2017, Mosialou and colleagues
demonstrated that bone-derived LCN-2 can cross the blood-brain barrier and bind to the
melanocortin 4 receptor (MC4R) in the paraventricular and ventromedial neurons of the
hypothalamus, which results in appetite suppression [61]. More recently, a study in a mouse
model of pancreatic cancer cachexia demonstrated that a high level of LCN-2 is associated
with anorexia, reduced food intake, and muscle loss, and that genetic deletion of LCN-2 or

pharmacologic inhibition of MCA4R ameliorates pancreatic cancer cachexia associated-
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anorexia [62]. In the same study, it was shown that there was an inverse correlation between
increasing circulating LCN-2 levels and loss of visceral fat and skeletal muscle in patients with
pancreatic cancer. In our study, no correlation between circulating LCN-2 and fat or muscle
mass was observed. However, we were not able to analyze the correlation regarding changes
in circulating LCN-2 levels and muscle and fat mass because we did not have access to follow-
up samples. To investigate whether circulating LCN-2 contributes to cancer cachexia by
influencing appetite, we determined the level of circulating LCN-2 in pancreatic cancer
patients with normal food intake versus reduced food intake as indicated by the PG-SGA
questionnaire. Our result showed no significant difference in circulating LCN-2 levels between
pancreatic cancer patients with normal food intake and reduced food intake. This result does
not support the notion that circulating LCN-2 contributes to cancer cachexia by suppressing
appetite. Thus, although overexpression of LCN-2 has been linked to appetite suppression in

mouse models of pancreatic cancer cachexia, this might not be the case in patients.

Myosteatosis in pancreatic cancer patients with cachexia and its potential

underlying mechanism

Ectopic fat deposition in skeletal muscle is linked to metabolic disorders such as obesity, type
2 diabetes, and cancer. In the past decade, a large body of studies has focused on studying the
clinical impact of myosteatosis in cancer patients, and most of them showed consistent
evidence that myosteatosis is associated with poor survival outcomes. Although myosteatosis
(generally considered to reflect poor muscle quality) contributes to muscle wasting, this has
received comparatively little attention in the context of cancer cachexia. With the
advancement of body composition analysis and lipidomics, in Chapter 4, we investigated lipid
accumulation in skeletal muscle from pancreatic cancer patients with or without cachexia and
analyzed the composition and distribution of intramyocellular lipids in these patients.
Furthermore, in Chapter 5, using patient derived pancreatic tumor organoids and RNA-
sequencing, we explored the mechanisms underlying lipid accumulation in skeletal muscle. In
this section, | will discuss lipid accumulation in skeletal muscle from pancreatic cancer patients

with or without cachexia, from the measurement to the underlying mechanism.
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As aforementioned in Chapter 1, lipid accumulation in skeletal muscle can be measured by
invasive muscle biopsy, or through noninvasive techniques such as cross-sectional MRI and
CT. With muscle biopsy, lipid content as well as lipid composition can be studied. With
noninvasive CT images, the degree of lipid accumulation can be assessed by measuring SMRA
expressed in Hounsfield units (HU). However, CT-based analyses are not able to identify the
nature of intracellular lipids (content and species). In Chapter 4, a combination of muscle
biopsy and CT-derived body composition analysis was used for assessing lipid accumulation in
skeletal muscle from pancreatic cancer patients with or without cachexia. We observed high
content of intramyocellular lipids in muscle biopsies from pancreatic cancer patients with
cachexia as compared to those without cachexia. CT-derived body composition analysis
revealed a significantly lower SMRA (e.g increased ectopic fat deposition) in cachectic PDAC
patients with inflammation as compared to non cachectic patients. Consistent with previous
data [63], we also observed a significant positive correlation between increasing

intramyocellular lipid content and loss of body weight.

Importantly, differences in SMRA were observed between cachectic patients with
inflammation vs. cachectic patients without inflammation or patients without cachexia, but
not between cachectic patients without inflammation vs. patients without cachexia. In
addition, a positive correlation between intramyocellular lipid content and CRP levels was
observed. These results suggest that systemic inflammation could play a role in lipid
accumulation in skeletal muscle. Indeed, several studies have already highlighted the close
relationship between muscle fat infiltration and systemic inflammation in patients with
colorectal cancer or pancreatic cancer [64]. For example, Rollins and colleagues revealed that
PDAC patients with myosteatosis had significantly higher levels of markers of systemic
inflammation including white blood cell count, neutrophil-lymphocyte ratio, and CRP than
those without myosteatosis [65]. Intriguingly, intramyocellular lipid content also positively
correlated with local inflammation as reflected by expression of IL-6 in skeletal muscle,
indicating that lipid accumulation in skeletal muscle of cachectic patients may be promoted

by both systemic inflammation and local inflammation.
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Skeletal muscle is a major site with regard to insulin-stimulated glucose uptake. Impaired
insulin metabolic signaling in skeletal muscle plays a key role in the development of insulin
resistance. In healthy skeletal muscle, insulin promotes glucose uptake through the activation
of the IRS-1-PI3K-GLUT4 pathway. In particular, insulin binds and activates its receptor in the
membrane of skeletal muscle, leading to phosphorylation of insulin receptor substrate-1 (IRS-
1) which results in downstream phosphatidylinositol 3-kinase (PI3K) activation. Subsequent
translocation of glucose transporter type 4 (GLUT4) to the plasma membrane promotes
glucose uptake. Accumulation of lipids such as diacylglycerol and ceramide in skeletal muscle
is thought to have a negative effect on its insulin sensitivity. For example, a study in healthy
male subjects revealed that insulin sensitivity was negatively correlated with muscle total
ceramide content [66]. Furthermore, ceramide was reported to have the ability to decrease
the translocation of GLUT4 [67]. Importantly, we observed altered intramyocellular ceramides
and genes coding key enzymes involved in the de novo ceramides synthesis pathway in skeletal
muscle from cachectic PDAC patients (Chapter 4 and Chapter 5). Since cachectic PDAC
patients had a higher intramyocellular lipid content than non-cachectic patients (Chapter 4)
and considering that the pancreatic tumor organoid secretome suppressed the expression of
SLC2A4 (encoding GLUT4) in mature C2C12 myotubes in the presence of fatty acids (Chapter
5), tumor factors may induce lipid accumulation in skeletal muscle by impairing metabolic

insulin-IRS-1-PI13K-GLUT4 signaling.

In general, intracellular lipid accumulation in skeletal muscle is caused by an imbalance
between lipid uptake and oxidation, either increased lipid uptake or decreased lipid oxidation,
or both. One of the cancer cachexia-associated features is adipose tissue depletion, which
occurs through lipolysis of adipose tissue. As a consequence, the circulating free fatty acids
(FFA) flux is increased [68]. It is reasonable to assume that excess circulating FFA “spill over”
to skeletal muscle results in more lipid uptake by muscle. In Chapter 5, two genes coding for
FFA transport proteins (CD36 and FAB4) were slightly albeit non-significantly increased in
C2C12 myotubes after exposure to conditioned medium from pancreatic tumor organoids of
cachectic patients. Since CD36 promotes FFA transport by rapidly translocating from an
intracellular protein pool to the plasma membrane [69], the lack of overt changes in CD36

mRNA expression does not imply that FFA transport is not affected by tumor organoid factors.

164



Indeed, using real-time fluorescence measurements, a previous study revealed that oleic acid
translocation into HEK cells took place in a couple of minutes even without overexpression of
CD36 [70]. In general, fatty acid oxidation in the cell is regulated by a set of genes including
fatty acid CoA ligase (FACL1/ACSL1), carnitine palmitoyl CoA transferase (CPT1A, CPT2),
carnitine acylcarnitine translocase (CACT/SLC25A20), as well as by the peroxisome
proliferator-activated receptors (PPARa, PPARGC1A/PGC1A) [71-73]. In normal conditions,
cytosolic fatty acids are converted from long-chain fatty acetyl CoA to long-chain fatty acyl-
CoA (LCFACoA) by fatty acid CoA ligase (also known as acetyl-CoA synthetase). Subsequently,
LCFACOA is transferred to the mitochondrial complex by carnitine shuttle involving 1) Cpt-1,
which catalyzes the transesterification of fatty acyl-CoA to acylcarnitine, 2) CACT, which
mediates acylcarnitine transports into the mitochondrial matrix, and 3) CPT2, which converts
acylcarnitine to acyl-CoA in the inner mitochondrial membrane (Figure 1). Finally, acyl-CoA
enters B-oxidation in the mitochondrial matrix [73]. In our study, several genes related to fatty
acid oxidation were suppressed in myotubes after exposure to CM from pancreatic tumor
organoids of cachectic patients (Chapter 5). This suggests that the pancreatic tumor organoid
secretome decreases fatty acid oxidation, thereby contributing to lipid accumulation in
myotubes. A previous in vitro study also showed that conditioned medium from pancreatic
cancer cells inhibits oleic acid oxidation [74], which strengthens our observation. In addition,
decreased mRNA expression of PPARa and PPARGC1A was found in the C2C12 myotubes after
exposure to conditioned medium from pancreatic tumor organoids of cachectic patients.
These two transcription factors are known to regulate the expression of fatty acid oxidation
genes and are involved in mitochondrial biogenesis [75, 76]. Taken together, these data
indicate that factors released by pancreatic tumor organoids derived from cachectic patients
may impair fatty acid oxidation and mitochondrial biogenesis resulting in lipid accumulation

in skeletal muscle.
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Figure 1: Schematic representaion of fatty acid oxidation in skeletal muscle

Concluding remarks and future perspectives

To date, the underlying mechanisms of cancer cachexia remain to be elucidated. In this thesis,
we investigated several potential mechanistic factors in pancreatic cancer patients with or
without cachexia, focusing on complement system activation, neutrophil activation, and
myosteatosis. Our results showed that 1) systemic inflammation in pancreatic cancer patients
is associated with complement system activation; 2) elevated circulating LCN-2 in pancreatic

cancer patients with cachexia is associated with neutrophil activation. Systemic inflammation
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in these patients might be related to a positive feedback loop involving both complement
system and neutrophil activation; 3) neutrophil-released LCN-2 may contribute to cancer
cachexia by affecting patients' nutritional status; 4) pancreatic tumor organoid factors
promote lipid accumulation in myotubes. Taken together, this thesis expanded our
understanding of the mechanisms underlying cancer-associated cachexia, moving towards the

development of novel treatment strategies for cancer patients with cachexia.

Some specific suggestions for follow-up studies will now follow. In our study, an increased
circulating complement fragment C3a was observed in cachectic patients with inflammation,
but not in cachectic patients without inflammation, as compared to non-cachectic patients.
Future studies investigating the source of activated complement fragments in cachectic
patients with inflammation are needed. Gut barrier dysfunction is often seen in models of
cancer cachexia and cachectic cancer patients [77, 78], leading to intestinal permeability.
Increased intestinal permeability allows the entrance of microbiota-derived pathogen-
associated molecular patterns into the bloodstream, which are related to activation of innate
immunity and the complement system [79, 80]. Therefore, gut barrier dysfunction could
contribute to the increased circulating activated complement fragments in cachectic patients
with inflammation. Alternatively, adipose tissue is a rich source of complement proteins.
Therefore, future studies to determine complement protein levels in fat and their metabolic
effects in adipose tissue in cancer cachexia should be encouraged. In addition to their function
in the innate immune response against foreign pathogens, complement proteins have been
shown to promote cancer metastasis [81]. Direct assessment of complement protein levels
and their activation state in the tumor biopsy from cachectic patients may provide deeper
insights into the contribution of complement proteins to the process of cachexia in patients
with advanced cancer. Though a close relationship between systemic inflammation,
complement system activation, and neutrophil activation was observed in PDAC patients,
which is cause or consequence remains unclear. In vitro and in vivo loss- and gain-of function

studies may answer this vital question.

Neutrophil-derived LCN-2 has been shown to cross the blood-brain barrier and bind to MC4R
in the hypothalamus, resulting in appetite suppression in mice [62]. In our patient cohort, no

significant difference in circulating LCN-2 levels was observed between PDAC patients with
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normal food intake and PDAC patients with less food intake. Of note, we could not study MC4R
activity in those patients. Correlation analysis of patients’ circulating LCN-2 levels and food
intake, as well as investigation of MC4R activity in human hypothalamic cells after exposure

to LCN-2 in vitro might help understanding the role of LCN-2 in regulating appetite.

Intramyocellular lipid species alterations and distribution in the process of cachexia were
identified by using LC-MS/MS-based lipidomics and MALDI-MSI. Several intramyocellular lipid
species belonging to the glycerolipids, glycerophospholipids, and sphingolipids classes
showed a significant difference between cachectic patients with inflammation and non-
cachectic patients. Studying the biological functions of these altered lipid species should be a
high priority in future studies. Another important question that should be addressed concerns
the source of the altered intramyocellular lipid species in cachectic patients. Lipidomics
analysis of plasma or serum from pancreatic cancer patients with or without cachexia should

be encouraged in this context.

Within human myofibers, oxidative (type 1) and nonoxidative (type 2) types can be
distinguished according to their myosin heavy chain isoform expression. Increased type 2
myofibers have been reported in cachectic patients [82]. Given that type 1 myofibers and type
2 myofibers differ with respect to their metabolic properties [83], and since increased
intramyocellular lipid accumulation was observed in cachectic patients, application of novel
MALDI-MSI with immunohistochemical stainings may be a promising approach to explore fiber
type-specific lipids and lipid metabolism in cancer cachexia. In addition, reprogramming of
lipid metabolism in cancer cells has been shown to support tumor progression [84], and lipid
profiling of tumors from cachectic or non-cachectic patients could therefore be interesting for

future studies.

In combination with patients’ clinical records and data on cachexia-associated phenotypes,
pancreatic tumor organoids are an excellent model for future studies of the mechanisms
driving cancer-associated cachexia. For instance, the cross-talk between tumors and host
organs like adipose tissue, liver, and gut could be studied by using a multi-organoid-on-a-chip
system [85]. Likewise, co-culture systems of tumor organoids and immune cells will be of

benefit to study tumor immunology and its link with cancer cachexia. In this context, our
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ongoing studies show that tumor-derived factors from cachectic patients promote M1
macrophage polarization and enhance macrophage phagocytosis rates. Further studies of
macrophage functionality such as mitochondrial respiration, lipid uptake, and reactive oxygen
species generation are foreseen. Finally, application of patient-derived organoids as a model
for cancer drug discovery and personalized therapy could be a promising approach to improve

cancer treatment of cachectic and non-cachectic patients.

169



Chapter 6

References

10.

11.

12.

13.

14.

15.

16.

17.

Takabayashi T, Vannier E, Burke JF, Tompkins RG, Gelfand JA, Clark BD. Both C3a and
C3a(desArg) regulate interleukin-6 synthesis in human peripheral blood mononuclear
cells. J Infect Dis 1998; 177: 1622-1628.

Monsinjon T, Gasque P, Ischenko A, Fontaine M. C3A binds to the seven
transmembrane anaphylatoxin receptor expressed by epithelial cells and triggers the
production of IL-8. FEBS Lett 2001; 487: 339-346.

Sayah S, Ischenko AM, Zhakhov A, Bonnard AS, Fontaine M. Expression of cytokines by
human astrocytomas following stimulation by C3a and C5a anaphylatoxins: specific
increase in interleukin-6 mRNA expression. J Neurochem 1999; 72: 2426-2436.
Fischer WH, Jagels MA, Hugli TE. Regulation of IL-6 synthesis in human peripheral blood
mononuclear cells by C3a and C3a(desArg). J Immunol 1999; 162: 453-459.

Clarke J. Complement primes joints for inflammation. Nat Rev Rheumatol 2021; 17:
309.

Reis ES, Mastellos DC, Ricklin D, Mantovani A, Lambris JD. Complement in cancer:
untangling an intricate relationship. Nat Rev Immunol 2018; 18: 5-18.

Rutkowski MJ, Sughrue ME, Kane AJ, Mills SA, Parsa AT. Cancer and the complement
cascade. Mol Cancer Res 2010; 8: 1453-1465.

Markiewski MM, DeAngelis RA, Benencia F, Ricklin-Lichtsteiner SK, Koutoulaki A,
Gerard C, et al. Modulation of the antitumor immune response by complement. Nat
Immunol 2008; 9: 1225-1235.

Schraufstatter IU, Trieu K, Sikora L, Sriramarao P, DiScipio R. Complement c3a and c5a
induce different signal transduction cascades in endothelial cells. J Immunol 2002; 169:
2102-2110.

Rousseau S, Dolado |, Beardmore V, Shpiro N, Marquez R, Nebreda AR, et al. CXCL12
and C5a trigger cell migration via a PAK1/2-p38alpha MAPK-MAPKAP-K2-HSP27
pathway. Cell Signal 2006; 18: 1897-1905.

Venkatesha RT, Berla Thangam E, Zaidi AK, Ali H. Distinct regulation of C3a-induced
MCP-1/CCL2 and RANTES/CCLS production in human mast cells by extracellular signal
regulated kinase and PI3 kinase. Mol Immunol 2005; 42: 581-587.

Monsinjon T, Gasque P, Chan P, Ischenko A, Brady JJ, Fontaine MC. Regulation by
complement C3a and C5a anaphylatoxins of cytokine production in human umbilical
vein endothelial cells. Faseb j 2003; 17: 1003-1014.

Markiewski MM, DeAngelis RA, Strey CW, Foukas PG, Gerard C, Gerard N, et al. The
regulation of liver cell survival by complement. J Immunol 2009; 182: 5412-5418.
Scherbakov N, Doehner W. Cachexia as a common characteristic in multiple chronic
disease. J Cachexia Sarcopenia Muscle 2018; 9: 1189-1191.

Hasegawa N, Fujie S, Horii N, Uchida M, Toyama Y, Inoue K, et al. Aging-induced
elevation in circulating complement Clq level is associated with arterial stiffness. Exp
Gerontol 2019; 124: 110650.

Ghebrehiwet B, Hosszu KK, Valentino A, Peerschke El. The Clq family of proteins:
insights into the emerging non-traditional functions. Front Immunol 2012; 3:

Kolosov M, Kolosova I, Zhou A, Leu RW. Autocrine induction of macrophage synthesis
of complement subcomponent C1q by endogenous interferon-alpha/beta. J Interferon
Cytokine Res 1996; 16: 209-215.

170



18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Roumenina LT, Daugan MV, Noé R, Petitprez F, Vano YA, Sanchez-Salas R, et al. Tumor
Cells Hijack Macrophage-Produced Complement Clg to Promote Tumor Growth.
Cancer Immunol Res 2019; 7: 1091-1105.

Nepomuceno RR, Tenner AJ. C1qRP, the Clq receptor that enhances phagocytosis, is
detected specifically in human cells of myeloid lineage, endothelial cells, and platelets.
JImmunol 1998; 160: 1929-1935.

Morris KM, Colten HR, Bing DH. The first component of complement. A quantitative
comparison of its biosynthesis in culture by human epithelial and mesenchymal cells.
J Exp Med 1978; 148: 1007-1019.

Colten HR. Biosynthesis of complement. Adv Immunol 1976; 22: 67-118.

van Schaarenburg RA, Suurmond J, Habets KL, Brouwer MC, Wouters D, Kurreeman
FA, et al. The production and secretion of complement component C1q by human mast
cells. Mol Immunol 2016; 78: 164-170.

Gulati P, Lemercier C, Guc D, Lappin D, Whaley K. Regulation of the synthesis of C1
subcomponents and Cl-inhibitor. Behring Inst Mitt 1993; 196-203.

Bossi F, Rizzi L, Bulla R, Tripodo C, Guarnotta C, Novati F, et al. Clqg induces in vivo
angiogenesis and promotes wound healing. 2011;

Yang J, Lin P, Yang M, Liu W, Fu X, Liu D, et al. Integrated genomic and transcriptomic
analysis reveals unique characteristics of hepatic metastases and pro-metastatic role
of complement Clq in pancreatic ductal adenocarcinoma. Genome Biol 2021; 22: 4.
Klein GL, Petschow BW, Shaw AL, Weaver E. Gut barrier dysfunction and microbial
translocation in cancer cachexia: a new therapeutic target. Curr Opin Support Palliat
Care 2013; 7: 361-367.

Ziemons J, Smidt ML, Damink SO, Rensen SS. Gut microbiota and metabolic aspects of
cancer cachexia. Best Pract Res Clin Endocrinol Metab 2021; 35: 101508.

Bykov |, Jauhiainen M, Olkkonen VM, Saarikoski ST, Ehnholm C, Junnikkala S, et al.
Hepatic gene expression and lipid parameters in complement C3(-/-) mice that do not
develop ethanol-induced steatosis. J Hepatol 2007; 46: 907-914.

Rensen SS, Slaats Y, Driessen A, Peutz-Kootstra CJ, Nijhuis J, Steffensen R, et al.
Activation of the complement system in human nonalcoholic fatty liver disease.
Hepatology 2009; 50: 1809-1817.

Allenbach Y, Arouche-Delaperche L, Preusse C, Radbruch H, Butler-Browne G,
Champtiaux N, et al. Necrosis in anti-SRP(+) and anti-HMGCR(+)myopathies: Role of
autoantibodies and complement. Neurology 2018; 90: e507-e517.

Legoedec J, Gasque P, Jeanne JF, Scotte M, Fontaine M. Complement classical pathway
expression by human skeletal myoblasts in vitro. Mol Immunol 1997; 34: 735-741.
Legoedec J, Gasque P, Jeanne JF, Fontaine M. Expression of the complement
alternative pathway by human myoblasts in vitro: biosynthesis of C3, factor B, factor
H and factor |. Eur J Immunol 1995; 25: 3460-3466.

VanderVeen BN, Murphy EA, Carson JA. The Impact of Immune Cells on the Skeletal
Muscle Microenvironment During Cancer Cachexia. Front Physiol 2020; 11: 1037.
Zhang C, Wang C, Li Y, Miwa T, Liu C, Cui W, et al. Complement C3a signaling facilitates
skeletal muscle regeneration by regulating monocyte function and trafficking. Nat
Commun 2017; 8: 2078.

Rouaud T, Siami N, Dupas T, Gervier P, Gardahaut MF, Auda-Boucher G, et al.
Complement C3 of the innate immune system secreted by muscle adipogenic cells
promotes myogenic differentiation. Sci Rep 2017; 7: 171.

171



Chapter 6

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

Saleh J, Al-Magbali M, Abdel-Hadi D. Role of Complement and Complement-Related
Adipokines in Regulation of Energy Metabolism and Fat Storage. Compr Physiol 2019;
9:1411-1429.

Nilsson B, Hamad OA, Ahlstrom H, Kullberg J, Johansson L, Lindhagen L, et al. C3 and
C4 are strongly related to adipose tissue variables and cardiovascular risk factors. Eur
J Clin Invest 2014; 44: 587-596.

Zhang J, Wright W, Bernlohr DA, Cushman SW, Chen X. Alterations of the classic
pathway of complement in adipose tissue of obesity and insulin resistance. Am J
Physiol Endocrinol Metab 2007; 292: E1433-1440.

Dev R, Bruera E, Dalal S. Insulin resistance and body composition in cancer patients.
Ann Oncol 2018; 29:ii18-ii26.

Zhang Y, Foncea R, Deis JA, Guo H, Bernlohr DA, Chen X. Lipocalin 2 expression and
secretion is highly regulated by metabolic stress, cytokines, and nutrients in
adipocytes. PLoS One 2014; 9: €96997.

Kjeldsen L, Bainton DF, Sengelgv H, Borregaard N. Identification of neutrophil
gelatinase-associated lipocalin as a novel matrix protein of specific granules in human
neutrophils. Blood 1994; 83: 799-807.

Webster JM, Kempen L, Hardy RS, Langen RCJ. Inflammation and Skeletal Muscle
Wasting During Cachexia. Front Physiol 2020; 11: 597675.

Li YP, Reid MB. NF-kappaB mediates the protein loss induced by TNF-alpha in
differentiated skeletal muscle myotubes. Am J Physiol Regul Integr Comp Physiol 2000;
279: R1165-1170.

Narsale AA, Carson JA. Role of interleukin-6 in cachexia: therapeutic implications. Curr
Opin Support Palliat Care 2014; 8: 321-327.

Deis J. The Role of Lipocalin 2 in White Adipose Tissue Beiging and Metabolic
Healthspan. University of Minnesota; 2017.

Argiles JM, Stemmler B, Lopez-Soriano FJ, Busquets S. Inter-tissue communication in
cancer cachexia. Nature Reviews Endocrinology 2018; 15: 9-20.

Petruzzelli M, Schweiger M, Schreiber R, Campos-Olivas R, Tsoli M, Allen J, et al. A
switch from white to brown fat increases energy expenditure in cancer-associated
cachexia. Cell Metab 2014; 20: 433-447.

Kjeldsen L, Johnsen AH, Sengelgv H, Borregaard N. Isolation and primary structure of
NGAL, a novel protein associated with human neutrophil gelatinase. J Biol Chem 1993;
268:10425-10432.

Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, et al. Neutrophil
extracellular traps contain calprotectin, a cytosolic protein complex involved in host
defense against Candida albicans. PLoS Pathog 2009; 5: e1000639.

Li H, Feng D, Cai Y, Liu Y, Xu M, Xiang X, et al. Hepatocytes and neutrophils
cooperatively suppress bacterial infection by differentially regulating lipocalin-2 and
neutrophil extracellular traps. Hepatology 2018; 68: 1604-1620.

Chen Y, Li X, Lin X, Liang H, Liu X, Zhang X, et al. Complement C5a induces the
generation of neutrophil extracellular traps by inhibiting mitochondrial STAT3 to
promote the development of arterial thrombosis. Thromb J 2022; 20: 24.
Wohlgemuth L, Stratmann AEP, Miinnich F, Bernhard S, ThomalR BD, Miinnich F, et al.
Modulation of Neutrophil Activity by Soluble Complement Cleavage Products-An In-
Depth Analysis. Cells 2022; 11:

172



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Mannelqvist M, Stefansson IM, Wik E, Kusonmano K, Raeder MB, @yan AM, et al.
Lipocalin 2 expression is associated with aggressive features of endometrial cancer.
BMC Cancer 2012; 12: 169.

Yang J, Bielenberg DR, Rodig SJ, Doiron R, Clifton MC, Kung AL, et al. Lipocalin 2
promotes breast cancer progression. Proc Nat/ Acad Sci U S A 2009; 106: 3913-3918.
Chung IH, Wu TI, Liao CJ, Hu JY, Lin YH, Tai PJ, et al. Overexpression of lipocalin 2 in
human cervical cancer enhances tumor invasion. Oncotarget 2016; 7: 11113-11126.
Yan L, Borregaard N, Kjeldsen L, Moses MA. The high molecular weight urinary matrix
metalloproteinase (MMP) activity is a complex of gelatinase B/MMP-9 and neutrophil
gelatinase-associated lipocalin (NGAL). Modulation of MMP-9 activity by NGAL. J Biol
Chem 2001; 276: 37258-37265.

Brosens IA, Robertson WB, Dixon HG. The role of the spiral arteries in the pathogenesis
of preeclampsia. Obstet Gynecol Annu 1972; 1: 177-191.

Provatopoulou X, Gounaris A, Kalogera E, Zagouri F, Flessas |, Goussetis E, et al.
Circulating levels of matrix metalloproteinase-9 (MMP-9), neutrophil gelatinase-
associated lipocalin (NGAL) and their complex MMP-9/NGAL in breast cancer disease.
BMC Cancer 2009; 9: 390.

Jaberi SA, Cohen A, D'Souza C, Abdulrazzag YM, Ojha S, Bastaki S, et al. Lipocalin-2:
Structure, function, distribution and role in metabolic disorders. Biomed Pharmacother
2021; 142: 112002.

Lu KH, Yang JS, Hsieh YH, Chu HJ, Chou CH, Lu EW, et al. Lipocalin-2 Inhibits
Osteosarcoma Cell Metastasis by Suppressing MET Expression via the MEK-ERK
Pathway. Cancers (Basel) 2021; 13:

Mosialou |, Shikhel S, Liu JM, Maurizi A, Luo N, He Z, et al. MC4R-dependent
suppression of appetite by bone-derived lipocalin 2. Nature 2017; 543: 385-390.
Olson B, Zhu X, Norgard MA, Levasseur PR, Butler JT, Buenafe A, et al. Lipocalin 2
mediates appetite suppression during pancreatic cancer cachexia. Nat Commun 2021;
12:2057.

Stephens NA, Skipworth RJ, Macdonald AJ, Greig CA, Ross JA, Fearon KC.
Intramyocellular lipid droplets increase with progression of cachexia in cancer
patients. J Cachexia Sarcopenia Muscle 2011; 2: 111-117.

Malietzis G, Johns N, Al-Hassi HO, Knight SC, Kennedy RH, Fearon KC, et al. Low
Muscularity and Myosteatosis Is Related to the Host Systemic Inflammatory Response
in Patients Undergoing Surgery for Colorectal Cancer. Ann Surg 2016; 263: 320-325.
McSorley ST, Black DH, Horgan PG, McMillan DC. The relationship between tumour
stage, systemic inflammation, body composition and survival in patients with
colorectal cancer. Clin Nutr 2018; 37: 1279-1285.

Straczkowski M, Kowalska I, Nikolajuk A, Dzienis-Straczkowska S, Kinalska I, Baranowski
M, et al. Relationship between insulin sensitivity and sphingomyelin signaling pathway
in human skeletal muscle. Diabetes 2004; 53: 1215-1221.

Summers SA, Garza LA, Zhou H, Birnbaum MJ. Regulation of insulin-stimulated glucose
transporter GLUT4 translocation and Akt kinase activity by ceramide. Mol Cell Biol
1998; 18: 5457-5464.

Rydén M, Arner P. Fat loss in cachexia--is there a role for adipocyte lipolysis? Clin Nutr
2007; 26: 1-6.

173



Chapter 6

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Bonen A, Luiken JJ, Arumugam Y, Glatz JF, Tandon NN. Acute regulation of fatty acid
uptake involves the cellular redistribution of fatty acid translocase. J Biol Chem 2000;
275:14501-14508.

Xu S, Jay A, Brunaldi K, Huang N, Hamilton JA. CD36 enhances fatty acid uptake by
increasing the rate of intracellular esterification but not transport across the plasma
membrane. Biochemistry 2013; 52: 7254-7261.

Jang HS, Noh MR, Kim J, Padanilam BJ. Defective Mitochondrial Fatty Acid Oxidation
and Lipotoxicity in Kidney Diseases. Front Med (Lausanne) 2020; 7: 65.

Debard C, Laville M, Berbe V, Loizon E, Guillet C, Morio-Liondore B, et al. Expression of
key genes of fatty acid oxidation, including adiponectin receptors, in skeletal muscle of
Type 2 diabetic patients. Diabetologia 2004; 47: 917-925.

Xiong J. Fatty Acid Oxidation in Cell Fate Determination. Trends Biochem Sci 2018; 43:
854-857.

Krapf SA, Lund J, Lundkvist M, Dale MG, Nyman TA, Thoresen GH, et al. Pancreatic
cancer cells show lower oleic acid oxidation and their conditioned medium inhibits
oleic acid oxidation in human myotubes. Pancreatology 2020; 20: 676-682.

Knutti D, Kralli A. PGC-1, a versatile coactivator. Trends Endocrinol Metab 2001; 12:
360-365.

Remels AH, Langen RC, Schrauwen P, Schaart G, Schols AM, Gosker HR. Regulation of
mitochondrial biogenesis during myogenesis. Mol Cell Endocrinol 2010; 315: 113-120.
Bindels LB, Neyrinck AM, Loumaye A, Catry E, Walgrave H, Cherbuy C, et al. Increased
gut permeability in cancer cachexia: mechanisms and clinical relevance. Oncotarget
2018;9: 18224-18238.

Jiang YJ, Guo CY, Zhang DL, Zhang J, Wang XJ, Geng CX. The Altered Tight Junctions: An
Important Gateway of Bacterial Translocation in Cachexia Patients with Advanced
Gastric Cancer. J Interferon Cytokine Res 2014; 34: 518-525.

Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, Roumenina LT.
Complement System Part Il: Role in Immunity. Front Immunol 2015; 6: 257.

Schrijver IA, van Meurs M, Melief MJ, Wim Ang C, Buljevac D, Ravid R, et al. Bacterial
peptidoglycan and immune reactivity in the central nervous system in multiple
sclerosis. Brain 2001; 124: 1544-1554.

Kochanek DM, Ghouse SM, Karbowniczek MM, Markiewski MM. Complementing
Cancer Metastasis. Front Immunol 2018; 9: 1629.

Taskin S, Stumpf VI, Bachmann J, Weber C, Martignoni ME, Friedrich O. Motor protein
function in skeletal abdominal muscle of cachectic cancer patients. J Cell Mol Med
2014; 18: 69-79.

Koo JH, Kim TH, Park SY, Joo MS, Han CY, Choi CS, et al. Gal3 ablation reprograms
myofibers to oxidative phenotype and enhances whole-body metabolism. J Clin Invest
2017; 127: 3845-3860.

Koundouros N, Poulogiannis G. Reprogramming of fatty acid metabolism in cancer. Br
J Cancer 2020; 122: 4-22.

Picollet-D'hahan N, Zuchowska A, Lemeunier |, Le Gac S. Multiorgan-on-a-Chip: A
Systemic Approach To Model and Decipher Inter-Organ Communication. Trends
Biotechnol 2021; 39: 788-810.

174



Summary

175



Cancer cachexia is a multifactorial and devastating syndrome that is associated with poor
survival of patients. The common features of cachexia include significant loss of body weight
(both skeletal muscle mass and fat mass), elevated systemic inflammation, anorexia, nausea,
and fatigue. Another aspect of cachexia that is strongly predictive of patient survival is
myosteatosis, which refers to the accumulation of ectopic fat within muscle tissue. Cancer
cachexia affects 50%-80% of cancer patients and directly causes 20% of cancer-associated
deaths. Among cancer patients, cachexia is highly prevalent in those with pancreatic cancer
(up to 80%), followed by patients with gastro-oesophageal cancer, head and neck cancers, and
lung cancer. Despite significant advances in cancer treatment in the past decade, no practical
guide for early diagnosis of pre-cachexia and no effective treatment for cancer cachexia has
been developed and implemented in clinical practice. Studies in mouse models of pancreatic
cancer cachexia have shown that several proinflammatory cytokines such as IL-6, TNF-a, and
IL-a promote muscle wasting. However, the neutralization of a single cytokine is unlikely to be
effective against cancer-associated cachexia in patients, and more insight into the role of the
respective branches of the immune system in cachexia progression is required to develop an
effective treatment. Furthermore, the mechanisms leading to the development of
myosteatosis remain poorly characterized. To address these issues, complement system
activation, the role of neutrophil-derived lipocalin, and myosteatosis were studied in the

context of pancreatic cancer cachexia.

The complement system was discovered more than 100 years ago. It is an ancient key
component of the innate immune system, playing a vital role in host defense against infection.
Several studies have shown that aberrant complement system activation is also associated
with inflammatory conditions such as rheumatoid arthritis, renal diseases, chronic
neurodegenerative diseases, as well as cancer [1-4]. In the context of cancer cachexia, the
complement system has received little attention. It is well described that systemic
inflammation is a hallmark of cancer cachexia and the complement system has been shown
to contribute to metabolic inflammation. In Chapter 2, we hypothesized that systemic
inflammation in patients with cancer cachexia was associated with complement activation.
The levels of circulating complement factors including Clg, mannose-binding lectin (MBL),

C3a, and terminal complement complex (TCC) were determined in pancreatic cancer patients
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without cachexia and in cachectic patients with or without systemic inflammation (as defined
by a CRP levels >10 mg/mL). We observed that systemic C3a levels were higher in cachectic
patients with inflammation as compared to patients without inflammation or without
cachexia. Accordingly, TCC concentrations gradually increased in these patient groups. C3a
and TCC concentrations were strongly correlated. Although concentrations of Clg and
mannose-binding lectin did not differ between groups, Clq levels were correlated with both
C3a and TCC concentrations. Altogether, in this study, we revealed that systemic inflammation
in patients with cancer cachexia is associated with the activation of key effector complement
factors. Moreover, the correlations between Clg and C3a/TCC suggested that the classical
complement pathway could play a role in complement activation in patients with pancreatic

cancer cachexia.

In Chapter 3, we explored the link between neutrophil activation and cachexia, focusing on
neutrophil-released LCN-2, and we assessed whether LCN-2 levels were associated with
appetite and nutritional status of patients with pancreatic cancer. A set of circulating
neutrophil activation markers including calprotectin, myeloperoxidase (MPO), elastase, and
bactericidal/permeability-increasing protein (BPI) was determined in PDAC patients in relation
to cachexia and LCN-2 levels. Our results showed that cachectic patients with high systemic
LCN-2 levels had higher concentrations of calprotectin, myeloperoxidase, and elastase than
non-cachectic patients or cachectic patients with low LCN-2 levels. Systemic inflammation
(defined by the CRP/albumin ratio) was also higher in cachectic patients with high LCN-2 levels
as compared to non-cachectic patients or cachectic patients with low LCN-2 levels. Spearman
correlation analysis revealed a significantly positive correlation between systemic LCN-2 levels
and those of neutrophil activation markers calprotectin, myeloperoxidase, elastase, and BPI.
Given that complement factors such as C3a and C5a have the ability to trigger and amplify
neutrophil activation, and since we reported complement system activation in pancreatic
cancer patients with cachexia (Chapter 1), we further extended the correlation analysis
between complement factors and neutrophil activation markers in our study cohort.
Importantly, we observed a positive correlation among these variables. This suggests that

complement activation may underlie neutrophil activation in pancreatic cancer cachexia.
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To investigate whether LCN-2 was associated with appetite, we compared systemic LCN-2
levels in pancreatic cancer patients with normal food intake and reduced food intake as
assessed by validated questionnaires. No significant difference in systemic LCN-2 between the
groups was observed. However, borderline significantly (p=0.00578) elevated LCN-2 levels
were observed in severely malnourished PDAC patients. In conclusion, different from the
recently reported effect of appetite suppression by LCN-2 in a mouse model of pancreatic
cancer cachexia, the results of our study do not support that systemic LCN-2 contributes to
cachexia by suppressing appetite in pancreatic cancer patients. In contrast, our data do

support that LCN-2 is released by activated neutrophils in these patients.

Low muscle mass (sarcopenia) is one of the criteria for the diagnosis of cancer cachexia which
has been well studied in the past decade. However, the mechanisms underlying poor muscle
quality (myosteatosis) and its impact in the context of cachexia received comparatively less
attention. In Chapter 4, we investigated whether intramyocellular lipid accumulation in
pancreatic cancer patients is associated with inflammation and other defining aspects of
cancer cachexia, and identified the types of intramyocellular lipids in patients with cancer
cachexia and their distribution. Body composition was analyzed by using L3-CT scans. Rectus
abdominis muscle biopsies were collected during surgery from PDAC patients for muscle
morphology, lipidomics, and gPCR analyses. We observed that cachectic patients with
inflammation had significantly lower muscle radiation attenuation as compared to those
without inflammation or weight loss, reflecting increased lipid accumulation in the muscle of
those former patients. In line with this, intramyocellular lipid content was lower in patients
without cachexia as compared to those with cachexia with inflammation or without
inflammation. Although the expression of muscle atrophy-related genes did not differ
significantly among the studied groups, a notable leftward shift in the frequency of smaller
muscle fibers was observed in cachectic patients with inflammation. Untargeted lipidomics
analyses revealed alterations in intramyocellular lipid classes and species in pancreatic cancer
patients without cachexia compared with cachectic patients with or without inflammation. In
particular, a higher relative abundance of intramyocellular glycerophospholipids and a lower
relative abundance of intramyocellular glycerolipids were found in cachectic patients with

inflammation, as well as certain elevated ceramides species. In addition, genes coding for
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enzymes involved in de novo ceramides synthesis such as SPT1/2, KDSR, Cers1-2, Cers4-6, and
DEGS1 tended to show an increased expression in the skeletal muscle of cachectic patients
with inflammation. We were not only able to determine the levels of intramyocellular lipid
species but could also visualize the altered intramyocellular lipid species such as PC (34:1),
PC(33:2), and TG (48:1) by using mass spectrometry imaging. Taken together, these findings
indicate that patients with cachexia exhibit intramyocellular accumulation of specific lipid

species that may be partly related to elevated ceramide synthesis.

Tumor-derived factors are known to play a key role in driving the progression of cancer
cachexia. However, whether tumor-derived factors have direct actions promoting lipid
accumulation in skeletal muscle during cancer cachexia remains uncertain. Therefore, in
Chapter 5, we investigated the effect of the human pancreatic tumor organoid secretome on
lipid accumulation in C2C12 myotubes. Pancreatic tumor organoids were established from six
PDAC patients (three with cachexia, three without cachexia), and conditioned medium (CM)
was collected from these tumor organoids. We exposed the differentiated C2C12 muscle cells
to 50% CM plus fatty acids for 8 hours. Lipid accumulation in myotubes was assessed by Qil-
red O staining and live cell imaging. LC-MS/MS-based lipidomics was performed to determine
global lipid changes in myotubes after treatment. Lipid metabolism-related genes were
analyzed by RNA sequencing. CM from pancreatic tumor organoids of cachectic patients
caused significant lipid accumulation in differentiated C2C12 from 6 hours onward, which was
not seen with CM from organoids of non-cachectic patients or control medium. We observed
that the pancreatic tumor organoid secretome induced alterations in intramyocellular lipid
species, mainly from the glycerolipids, glycerophospholipids, and sphingolipids classes.
Furthermore, several genes related to lipid uptake were upregulated and genes related to
fatty acid oxidation were suppressed in C2C12 myotubes after exposure to fatty acids plus CM
from human pancreatic tumor organoids of cachectic patients. A trend toward decreases in
mitochondrial membrane potential and key genes (PPARGC1A and NRF1) related to
mitochondrial biogenesis was observed. Although the pancreatic tumor organoid secretome
of cachectic patients tended to decrease myotube fiber diameter, muscle atrophy genes
Foxo32 and Trim63 were not altered, and no apoptosis was observed. This result suggested

that pancreatic tumor organoid secretomes do not induce muscle atrophy. GO/KEGG
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enrichment pathway analyses revealed a significant pathway with biological relevance to
cytokine-cytokine receptor interaction in myotubes after exposure to fatty acids plus human
pancreatic tumor organoid factors. These results imply that the human pancreatic tumor
organoid secretome induces lipid accumulation in C2C12 myotubes. This process may be
caused by disruption of lipid metabolism pathways and mitochondria dysfunction. Our
findings highlight the important role of factors directly released by pancreatic tumor cells in

promoting lipid accumulation in skeletal muscle.

Finally, in Chapter 6, the main findings of this thesis are discussed and future perspectives are
presented. Altogether, our studies highlighted the important role of inflammation and the

factors released by cancer cells and immune cells during the development of cancer cachexia.
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Relevance

Cancer cachexia is a multifactorial and devastating syndrome characterized by significant body
weight loss including loss of skeletal muscle mass and fat mass that cannot be fully reversed
by conventional nutritional approaches. Cancer cachexia is associated with muscle weakness,
increased systemic inflammation, loss of appetite, increased therapy toxicity, poor quality of
life, and reduced survival. Cachexia affects 50-80% of patients and is directly responsible for
20% of cancer deaths. Given that most pancreatic cancer patients present with locally
advanced or metastatic disease already at the time of diagnosis due to a lack of symptoms in
the early stages, pancreatic cancer patients have the highest prevalence (up to 80%) of
cachexia, and experience loss of more than 10% of body weight on average. Although the
clinical management and treatment of cancer have been considerably improved in the past
decade, no effective treatment for cancer-associated cachexia has been identified. In addition,

the mechanisms behind cancer associated-cachexia remain incompletely understood.

However, catabolic mediators released by cancer cells or immune cells appear to play a key
role in the development of cancer cachexia. For instance, pro-inflammatory factors IL-6, TNF-
a, and IL-1B have been reported to induce lipolysis of adipose tissue and muscle atrophy both
in vitro and in vivo. Although genetic deletion or pharmacologic inhibition of these factors
ameliorates muscle wasting in mouse models of cancer cachexia, neutralization of single
mediators has not been successful in overcoming cancer-associated cachexia in patients.
Therefore, there is an urgent need for a better understanding of the underlying mechanisms

of cancer cachexia to develop effective cachexia treatment.

Scientific impact

In this thesis, we first studied the association between systemic inflammation and the central
complement factors as well as neutrophil activation markers in pancreatic cancer patients
with or without cachexia. We revealed that systemic inflammation in patients with cancer
cachexia was associated with the activation of key effector complement factors. Furthermore,

a positive correlation between neutrophil activation markers and complement factors C3a and
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TCC was observed in pancreatic cancer patients. Based on these observations, future studies
should work out 1) the source of circulating complement proteins in cachectic patients; 2)
systemic inflammation, complement activation and neutrophil activation, cause or
consequence? 3) whether complement proteins are increased in skeletal muscle, adipose
tissue as well tumor and what’s the biological function of complement protein on these
tissues. Secondly, no difference in circulating LCN-2 level was observed between cachectic
PDAC patients versus non-cachectic PDAC patients, which differs from a previous study
showing a significant higher circulating LCN-2 levels in cachectic mouse vs. non-cachectic
mouse. Furthermore, LCN-2 levels of patients with normal versus reduced food intake were
not different. In exploring the role of LCN-2 in regulation of appetite, these inter species
differences deserve validation. Thirdly, nature and distribution of intramyocellular lipid
species were assessed in pancreatic cancer patients with or without cachexia by combinding
LC-MS/MS-based lipidomics and MALDI-MSI. This multimodal approach provid a new
approach for intramyocellular lipid metabolism research in the cachexia field, whereby
differences in special localization of lipids species can be detected. Furthermore, using
patient-derived pancreatic tumor organoids, we also showed that the pancreatic tumor
organoid secretome promotes lipid accumulation in mature myotubes. The use of patient-
derived organoids in co-culture systems may pave the way for future research on tumor-host
communication and tumor immunology in cachexia. For instant, to study the effect of tumor

organoids secretome on macrophage polarization.

Target groups

In this thesis, we focused on pancreatic cancer cachexia and showed a close relationship
between inflammation, complement activation, neutrophil activation, and myosteatosis. The
results as described in here can potentially benefit all types of cancer in which cancer cachexia
has been proven to play a role. This would include patients with gastro-oesophageal cancer,
head neck cancer, lung cancer, colorectal cancer, haematological cancers, breast cancer, and
prostate cancer. Myosteatosis has been associated with insulin resistance, aging, obesity, type
2 diabetes [1] as well as poor prognosis in cancer patients [2], and our findings on the possible

contribution of pro-inflammatory cytokines on myosteatosis provides novel insights into the
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pathophysiological mechanisms underlying myosteatosis which potentially also apply to these
other fields. It could stimulate pharmaceutical companies to develop new drugs targeting

tumor-derived pro-inflammatory cytokines for the treatment of myosteatosis.

Societal impact

Pancreatic cancer remains one of the most lethal malignancies, with a five-year survival rate
of around 5%. The risk factors for developing pancreatic cancer include aging, diabetes, and
chronic pancreatitis. Both the incidence and mortality rate of pancreatic cancer continue to
increase due to population growth and aging. According to the data from the Global Cancer
Observatory, approximately 844,000 new pancreatic cancer cases will be diagnosed in the
world in 2040, and pancreatic cancer will lead to about 801,000 deaths worldwide. To date,
surgical resection remains the only curative option for patients with pancreatic cancer.
However, only 15-20% of pancreatic cancer patients are initially eligible for surgery, and the
five-year survival rate for these patients is poor at around 20% following surgery (in the USA).
A study in a larger cohort collected between 2001 to 2010 has revealed that total healthcare
costs for patients with pancreatic cancer (n=5,262) were higher than for controls (n=15,786)
(person/month, $15,480 vs. $1001) [3]. In the same study, the healthcare costs were
significantly higher during treatment of the metastatic stage compared to the initial treatment
phase of non-metastatic disease ($21,637 vs. $10,358, p<0.001) [3]. In general, cachectic
patients had a longer hospitalization stay compared to non-cachectic patients (6 vs. 3 days),
which also leads to a higher cost per stay ($4641.30 higher) [4]. Therefore, a better
understanding of the mechanisms underlying cancer cachexia as provided in this thesis could
help pharmaceutical companies to develop new drugs against cancer-associated cachexia and

benefit cachectic patients as well as reduce health care cost.

Anorexia (loss of appetite) is frequently associated with cancer, resulting in progressive weight
loss (a key feature of cancer cachexia). A study in both drosophila and mouse tumor models
revealed that anorexia could occur earlier than cachexia [5], suggesting that anti-anorexia
treatment could be effective against the development of cancer cachexia. Several signals such
as GDF-15-GFRAL, Dilp8/IINSL3 (insulin-like 3)-Lgr3/8 (leucine-rich repeat-containing G
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protein-coupled receptor 3/8), as well as LCN-2-MC4R have been shown to suppress appetite
in patients or experimental models of cancer cachexia. Therefore, the neutralization of these
signaling mediators could be a potential therapeutic direction for treating the anorexia-
cachexia syndrome. To date, several GDF-15 antibodies including CTL-002, NGM120, and PF-
06946860 are tested in clinical trials with cancer patients against the anorexia-cachexia
syndrome [6], but there are no approved available treatments for cancer-associated anorexia
yet. Our study showed that circulating LCN-2 was not different between PDAC patients with
normal and PDAC patients with reduced food intake, which should be noted before
pharmaceutical companies develop antibodies to neutralize the LCN-2-MC4R signaling
pathway against cachexia-associated anorexia. It is also worth mentioning that a trend toward
increasing circulating LCN-2 was observed in malnourished patients. Given that LCN-2 is
involved in intestinal and metabolic inflammation, and since gut barrier dysfunction and
intestinal inflammation are associated with cachexia progression, it is tempting to speculate
that circulating LCN-2 may contribute to development of cachexia by impairing nutritional

uptake in the intestine.

One of the underestimated aspects of cancer cachexia is myosteatosis (also known as fat
infiltration in skeletal muscle), which is associated with decreased muscle quality and poor
prognosis in cancer patients. Although previous studies have shown that intracellular lipid
droplets increase with the development of cancer cachexia, the mechanism behind cancer-
associated myosteatosis remains poorly understood. In cancer patients, myosteatosis can be
assessed by using a CT image at the L3 vertebral level without extra financial burden because
CT is commonly used in the clinic for identifying the tumor location in these patients.
Therefore, CT-scan-based body composition analysis should be recommended to all cancer
patients in the clinic. Patients with myosteatosis have also been associated with increased
risk of hospitalizations [7, 8]. A better understanding of the effect of tumor-derived factors as
provided in this thesis could help to identify new therapeutic targets for myosteatosis in

cancer cachexia.
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