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Thesis at a glance

Papers in the thesis

Paper |
RASTEN
clinical trial
N=377

Paper Il
Adherence
study
N=258

Paper Il
Coagulation
biomarker study
N=242

Paper IV
CV biomarker
study
N=252

Main research question

Does anticoagulant
LMWH improve survival
in SCLC?

Can the results of Paper |
be explained by
inadequate LMWH
adherence, assessed by
the Heparin Red assay?

Can we identify a
subgroup of patients that
benefit from LMWH,
based on a hyper-
coagulable profile?

Do biomarkers of
cardiovascular status
correlate to survival in
SCLC?

Overview of research questions in focus in this thesis.

RASTEN = randomised phase-3 trial of standard treatment with or without the addition of enoxaparin in small cell lung

cancer; SCLC = small cell lung cancer; LMWH = low-molecular-weight heparin; VTE = venous thromboembolism; CV
= cardiovascular; ADM = adrenomedullin; ST2 = suppression of tumorigenicity 2.

Main findings

LMWH does
not improve
survival despite
a reduction in
VTE.

Survival was
not improved in
patients with
adequate
adherence.

Overall, low
predictive
value for VTE
and survival in
SCLC.

ADM and ST2
can predict
survival in

SCLC.
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Preface

In spring 2021, as I was writing the fourth paper of this thesis, exploring the
prognostic impact of the cardiovascular biomarkers adrenomedullin and ST2, I met
a patient with newly diagnosed small cell lung cancer. She had a centrally growing
tumour compressing pulmonary vessels and oesophagus, causing cardiac
insufficiency and swallowing difficulties. The patient was admitted to the
intermediate care unit where we planned to start first-line chemotherapy. However,
she went into cardiac failure, requiring respiratory support, and the administration
of intravenous chemotherapy became a balance act between potentially life-
prolonging, or abruptly life-shortening, treatment.

I wished that I could measure her levels of adrenomedullin and ST2, to guide me in
the possibly futile, possibly effective, management. I imagined the levels to be sky-
high which, according to our study results, would signify a poor prognosis. Would I,
in this case, do more harm by giving her active treatment? Would the toxicity of
chemotherapy override the potential benefit? What would be most valuable in terms

of quality of life?

Due to her fulminant heart failure, only 50% of the first dose of chemotherapy was
administered. As it turned out, 50% was enough to start shrinking the tumour, and
three weeks later she came walking back to the clinic for a second dose.

What would be the role of prognostic biomarkers in this context? Withholding first-
line treatment in a patient with raised levels may be difficult to justify, knowing that
a majority of patients will experience at least a partial response and, importantly,
clinical improvement. Perhaps these biomarkers become useful at the time of relapse,
when the likelihood of a clinically meaningful response to treatment is lower? Would
1 then withhold treatment and focus on symptom control and best supportive care?

Despite the initial response, the patient experienced an early disease progression and
started oral topotecan only two months after the first-line treatment was completed.
This time chemotherapy was futile, and she passed away exactly six months after
receiving the diagnosis of small cell lung cancer.

In the biomarker study, the median survival time in patients with high levels of

adrenomedullin and ST2 was six months. I hope that, in a few years, we will know
the answers to some of the questions above.

Emelie Gezelius,
March 2022
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Introduction

Cancer is a major worldwide cause of death, and with a growing and ageing
population the incidence is expected to rise by 47% from 2020 to 2040', making
this a global health concern. With the successful implementation of screening
programmes, some tumour types are diagnosed at an earlier stage with better
chances of cure, and the recent therapeutic improvements involving immune
checkpoint inhibitors and targeted therapies offer long-term disease control in
patients with metastatic cancer. This is reflected in falling mortality rates over the
last decades®’, but poses new demands on the management of long-term
consequences of anticancer treatment, such as the development of secondary cardiac
toxicity.

Still, in a significant proportion of patients the disease is beyond control and
prognosis is dismal. Even if the tumour itself originates from a specific organ,
cancer should be viewed as a systemic disease. Fatigue, cachexia, general
inflammation or a prothrombotic state, are all signs of the systemic impact of
cancer>*. This thesis focuses on the roles and consequences of coagulation
activation and other aspects of cardiovascular stress in patients with small cell lung
cancer (SCLC), a lung cancer subtype with a particularly poor prognosis.

Cancer, coagulation, and clots — a complex relationship

The association between cancer and coagulation activation has intrigued scientists
for more than a century. Already in the 1860’s, the French physician Armand
Trousseau (1801-1867) described a link between thrombosis and malignancy. In his
famous collection of medical lectures Cliniqgue Medicale de [’Hétel-Dieu,
Trousseau reports several cases of thrombophlebitis (thrombotic inflammation of a
vein) in visceral malignancy and refers to the condition as ‘an affection quite
special, and well deserving attention from the numerous circumstances under which
it is observed’”. Further, Trousseau postulated that the cause of the thrombosis could
not purely be explained by direct tumour invasion or compression of vasculature,
he quite aptly suspected a state of hypercoagulability in cancer. Subsequently, the
term ‘Trousseau’s syndrome’ refers to migratory thrombophlebitis as a sign of
visceral malignancy but may also be used to describe any case of thrombosis
preceding a diagnosis of cancer .
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Cancer-associated venous thromboembolism

Venous thromboembolism (VTE) is the pathological formation of a blood clot in a
vein, typically either in a pulmonary vessel (pulmonary embolism) or in a deep vein
in the upper or lower extremities (deep vein thrombosis). VTE can give rise to a
range of clinical presentations, depending on site and severity. A deep vein
thrombosis usually leads to a painful, swollen limb whereas a pulmonary embolism
can manifest as an incidental finding on a routine computerised tomography scan,
as a gradual or sudden onset of respiratory symptoms, or may even be acutely fatal’.

Several factors are known to increase the risk of developing a VTE, including recent
surgery, hospitalisation and, importantly, active malignancy®. In fact, 20% of all
patients developing a VTE have a current or recent diagnosis of cancer’. Cancer
patients have a 4 — 9-fold increased risk of developing a VTE compared to the
general population, and ongoing chemotherapy further potentiates this risk®!!,
Additionally, newer anti-tumoral agents such as tyrosine kinase inhibitors and
immune checkpoint inhibitors have also been shown to enhance the risk of VTE!!.
The VTE incidence varies with different cancer types, of which cancer of the
pancreas, stomach, ovary and brain, as well as haematological malignancies, are
among those considered to be at highest risk®!*!2, In pancreatic cancer, the 1-year
incidence of VTE per 100 patient-years is 14.0%, compared to 2.0% and 0.9% in
colorectal and breast cancer, respectively’. With a 1-year rate of 4.3% per 100
patient-years, the VTE risk in lung cancer can be considered intermediate. Notably,
in lung cancer the association to VTE is stronger with adenocarcinomas than other
histological subtypes, including SCLC".

VTE is associated with more advanced cancer stages and reduced survival compared
to cancer patients without a VTE, particularly in the first few months after VTE
diagnosis®'*. Focusing on lung cancer, the effects on survival appear to vary with
disease stage and subtype. Across all histological subtypes, having a VTE is
associated with significantly reduced 2-year survival compared to lung cancer
patients without a VTE, with a hazard ratio (HR) of 2.3 for non-small cell lung
cancer (NSCLC) and 1.5 for SCLC". Consistently, White et al. reported increased
1-year mortality in lung cancer patients with VTE, with HRs of 3.1, 2.9 and 2.5 by
localised, regional, and distantly spread disease, respectively’. Patients with active
cancer are more likely to develop recurrent VTE and to experience major
haemorrhages during anticoagulant therapy'>!®, making the management even more
challenging.

Anticoagulant therapy

Anticoagulant therapy used for treating VTE in cancer patients has traditionally
evolved around low-molecular-weight heparins (LMWH), administered as daily
subcutaneous injections, and the oral vitamin K antagonist, warfarin. The LMWHs
have been preferred when treating cancer patients for practical and safety reasons,
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and importantly, the risk of VTE recurrence is significantly reduced with LMWH
compared to the vitamin K antagonist!’. Several LMWH agents are available with
comparably efficacy and safety profiles'®. In addition, a more novel group of drugs
referred to as direct oral anticoagulants (DOAC), targeting either coagulation factor
Xa or thrombin, have recently proved to be a safe alternative in selected cancer
patients'.

Prediction of VTE — who is at risk?

Several risk scores have been developed aiming to identify a high risk of VTE in
ambulatory cancer patients, where thromboprophylaxis may be indicated to prevent
VTE. The most widely used risk assessment tool, and so far the only model
recommended by international guidelines, is the so-called Khorana score?*?!, which
incorporates cancer site, body mass index and routine laboratory parameters, as
shown in Table 1. Despite being based on easily accessible variables, the Khorana
score has some limitations. In a large meta-analysis®? the predictive value could not
be confirmed in patients with lung cancer (N=3,744), and the majority of patients
developing a VTE were not identified by the Khorana score. In fact, only 23.4% of
VTE patients were pre-defined as high-risk and potentially eligible for
thromboprophylaxis. Other proposed risk assessment models include d-dimer, P-
selectin or type of chemotherapy agent, but none of these have been thoroughly
validated or implemented®.

Table 1: Khorana score for prediction of cancer-associated venous thromboemblism in ambulatory patients20.
Original risk categories by scores: Low (0); intermediate (1-2); high (=3). BMI = body mass index.

Patient characteristic Risk score
Cancer site: Pancreas, stomach

Cancer site: Lung, gynaecological, bladder, testicular, lymphoma
Pre-chemotherapy platelet count 2350 x10%/L

Haemoglobin level <100 g/L or use of red cell growth factors
Pre-chemotherapy leukocyte count >11 x10%/L

BMI 235 kg/m?

= =y . =N S

Coagulation in malignancy — a double-edged sword

Various factors may contribute to cancer-associated thrombosis, including the direct
compression of veins caused by the tumour itself or metastases, which may impede
blood flow and promote clot formation. As mentioned above, several anti-cancer
therapies are prothrombotic, such as certain chemotherapy agents, surgery,
angiogenesis inhibitors and tyrosine kinase inhibitors. But, perhaps most
importantly, cancer is associated with a hypercoagulable state, which will be
covered in the following section.
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The coagulation cascade

In order to understand the complexities of the coagulation system in malignancy,
we need to start by understanding its role in health. Tissue factor (TF), the main
initiator of the extrinsic coagulation pathway, is normally expressed by adventitial
fibroblasts in vessel walls where it is shielded from exposure to plasma, and only
small amounts are present in the circulation®**. In response to vascular injury,
subendothelial TF is exposed to coagulation factors in plasma, triggering a cascade
of downstream events that subsequently lead to clot formation. In brief, TF activates
and forms a complex with the coagulation factor VII (FVIla) which converts factor
X into its active form (FXa). Subsequently, FXa leads to the generation of thrombin
(FIla) which in turn converts fibrinogen into its active form fibrin. In addition,
thrombin activates platelets via cleavage of protease-activated receptors (PAR),
which together with fibrin constitute the haemostatic plug which is essential to stop
bleeding®*?%?7. Tissue factor pathway inhibitor (TFPI) is the primary endogenous
inhibitor of the coagulation cascade, binding to and blocking both the TF/FVIla
complex and FXa directly?. Other regulators with anticoagulant properties include
antithrombin, protein C and heparin cofactor 11?%,

Activating surface
@D%l D)

e I
|

Intrinsic
Pathway

Extrinsic
Pathway

Common
Pathway

Fibrin clot
formation

Figure 1: The coagulation cascade consists of an intrinsic, extrinsic and common pathway.

Tissue factor initiates the extrinsic coagulation pathway in response to vascular injury. Coagulation factors are
indicated by roman numerals and the letter ‘a’ denotes the activated form. TF = tissue factor. Created with
Biorender.com.
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Description of tissue factor

Tissue factor is a transmembrane protein consisting of three components: an
extracellular, a transmembrane and a cytoplasmic domain. The procoagulant
function is mainly exerted by the extracellular domain which binds to FVIla as part
of the coagulation pathway, whereas the cytoplasmic domain is thought to be
involved in signal transduction®*%. In the circulation, TF can be present either in a
truncated, alternatively spliced isoform, which lacks the transmembrane and
intracellular domains and has reduced procoagulant properties, or as a full-length
isoform bound to extracellular vesicles (EV), with efficient procoagulant activity.
These vesicles are membrane-derived microparticles, ranging from 0.1 to 1 um in
size*, that can be secreted from any cell. The shedding is accentuated in conditions
associated with cellular stress, such as inflammation, sepsis and cancer*'*2. EVs
carry surface proteins from the cell of origin, thus reflecting the parental cell and
are thought to be involved in intercellular communication®®33. In healthy
individuals, EV-associated TF (EV-TF) is largely derived from platelets and has
been shown to contribute considerably to the stimulation of downstream coagulation
factors and the generation of fibrin**. Historically, different nomenclature has been
used depending on the size and origin of the EV which has been a source of
confusion. In line with international consensus guidelines®®, the term EV will be
used as a collective name for microparticles, microvesicles and exosomes in this
thesis, and TF associated with EVs will be referred to as EV-TF.

Tissue factor in cancer

Malignancy is associated with a state of hypercoagulability, and this can largely be
explained by an increased expression of TF. Induced TF expression has been
reported in several types of cancer, including pancreatic, hepatocellular, colorectal,
ovarian and lung cancer*®*!, and is associated with more advanced disease stages
and a poor prognosis. Apart from being activated following vascular injury, the
expression of TF can be induced by hypoxia, oncogenic mutations and signalling
pathways*>*, which may account for the upregulation seen in malignancy.

The presence of circulating EV-TF has also been correlated to survival in pancreatic
cancer®, and a study demonstrating a 4-fold increased risk of VTE in cancer patients
with detectable EV-TF, supports the notion of EV-TF bearing procoagulant
activity*®. This was first described in early in vitro studies, showing that cancer cells
can shed membrane-derived vesicles carrying procoagulant activity, indicating that
the EV-TF originates from the actual tumour cells*’*3,

How does TF contribute to tumour development?

The association between TF and reduced survival in cancer cannot purely be
explained by the prothrombotic consequences of an activated coagulation system.
In fact, a substantial amount of evidence indicates that several of the most prominent
clotting factors are actively involved in carcinogenic processes.
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TF and its downstream coagulation proteases may contribute to tumour
development by enhancing tumour growth, metastasis and angiogenesis®*** (Figure
2). The exact underlying mechanisms are not completely understood, but several
processes have been suggested. The protease-activated receptors, particularly PAR-
1 and PAR-2, are important mediators of these biological pathways. PARs are a
group of G-protein-coupled transmembrane receptors which are activated through
proteolytic cleavage in response to various proteases, including certain coagulation
factors*’. For example, PAR-1 and -2 are activated by FXa and the TF/FVIla
complex, whereas thrombin activates PAR-1, -3 and -4, of which PAR-1 and -4 are
involved in platelet activation?”. Expression of PAR-1 and PAR-2 have been noted
in several cancer cell lines, and especially PAR-2 has been associated with
downstream signalling through activation of the MAPK/ERK1/2 pathways, leading
to cell growth and proliferation®#.

Coagulation = -
PAR-signalling
5 (Thrombin ) ) _ p——

i

ik

Clot formation Metastasis

@

fiiil Protease-activated —
' > Tumour cell
? Tissue factor ‘ Factor Vila Factor Xa [ﬂj o o

Figure 2: The TF/FVIla/FXa complex contributes to coagulation activation and promotes tumour progression
via PAR-signalling.

TF expression on cancer cells is upregulated by hypoxia, leading to downstream activation of the coagulation
pathway. The TF/FVIla/FXa complex also mediates PAR-signalling, contributing to angiogenesis and metastasis. TF =
tissue factor; PAR = protease-activated receptor. Created with Biorender.com.

Angiogenesis, the formation of new vasculature, is an essential process in tumour
development, ensuring the delivery of oxygen and nutrients to the proliferating
cancer cells. TF has been shown to enhance angiogenesis both through
TF/FVIla/PAR?2 signalling and by increasing the expression of vascular endothelial
growth factor (VEGF), the principal inducer of angiogenesis®>***. In a study by
Khorana et al.*® TF expression on pancreatic tumour cells was found to correlate to
reduced survival, but notably, also to increased VEGF expression and microvessel
density, as evidence of enhanced neovascularisation. This has also been noted in
hepatocellular carcinoma®®.
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Finally, the role of TF in cancer is further illustrated by the promising reports of
clinical trials investigating TF as a potential therapeutic target. Based on
encouraging results from a phase-II trial, tisotumab vedotin, an antibody-drug
conjugate targeting TF, was recently granted accelerated approval for the use in
advanced cervical cancer®. Antibody-drug conjugates consist of a monoclonal
antibody directed at a specific target, in this case TF which is aberrantly expressed
on the surfaces of malignant cells, combined with a cytotoxic compound’!.
Following antibody binding, the target-antibody-drug complex is internalised,
enabling the intracellular delivery of cytotoxic agents to specific target cells. Of
note, tisotumab vedotin has shown minimal effect on coagulation, emphasising the
importance of TF as a mediator of coagulation-independent tumorigenic pathways.

Thrombin, fibrin and platelets - further links between coagulation and cancer

Thrombin 1is, in normal conditions, bound to the inhibitory co-factor
thrombomodulin, which is expressed on the surface of endothelial cells and
transforms thrombin from a procoagulant to an anticoagulant®>. Thrombin may
promote metastasis through PAR-1 signalling and augment angiogenesis by various
mechanisms, e.g. by increasing VEGF expression and upregulating the VEGF

receptor on endothelial cells™>33,

Fibrin, the principal end-product in the clotting cascade, provides a scaffold which
promotes migration and facilitates haematological metastasis®*>®. In addition, the
fibrin matrix within the tumour microenvironment is able to sequester growth
factors, including VEGF and basic fibroblast growth factor (bFGF), and protect
them from degradation, thus sustaining pro-angiogenic signalling®>’. Another
mechanism whereby the coagulation system is thought to contribute to metastasis is
by limiting the clearance of micrometastases by natural killer cells (NK-cells) in a
fibrin- and platelet-dependent manner. Evidence indicates that fibrin together with
platelet aggregation, as a consequence of TF-activation, creates a protective sheath
around metastatic cells, safeguarding against NK-cell attack>®-¢,

Platelets play an important part in metastatic processes and, as previously stated, are
activated via thrombin-mediated PAR-signalling, leading to aggregation and clot
formation, further contributing to the protective shield enveloping circulating
tumour cells. Platelets contain a vast number of granules, providing storage for
mitogenic and proangiogenic factors such as VEGF, bFGF and platelet-derived
growth factor (PDGF)®-%| which are released into the circulation upon activation.
Moreover, platelets express numerous cell adhesion molecules, mainly integrins and
selectins, facilitating tumour cell migration®. Consistently, the effect of therapeutic
platelet inhibition on cancer growth has been investigated both in preclinical and
clinical settings, but despite initial positive trials®>*®, more recent studies have failed
to demonstrate reduced cancer mortality with aspirin®-%, an inhibitor of platelet
aggregation.
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The hypoxic tumour microenvironment

Causes and consequences

Hypoxia, defined as a reduction in the normal level of tissue oxygen tension, is a
feature of aggressive tumours®. Hypoxia develops as rapidly expanding tumours
out-grow their blood supply, limiting the delivery of oxygen and nutrients, and
eventually leading to apoptotic and necrotic cell death. To overcome this, a range of
adaptive mechanisms are triggered to help cancer cells to survive in their harsh
surroundings (Figure 3). In addition, hypoxia is associated with increased resistance
to conventional treatment modalities, most importantly radiotherapy”, further
contributing to an aggressive phenotype.
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Figure 3: Adaptive responses to tumour hypoxia.

The oxygen delivery diminishes as tumour cells grow further away from their original blood supply, leading to
necrosis. The subsequent hypoxia activates hypoxia-inducible factor (HIF) which induces numerous adaptive
mechanisms, including upregulation of vascular endothelial growth factor (VEGF), a key pro-angiogenic factor. Other
processes involve the metabolic switch to oxygen-independent glycolysis, and activation and extravasation of
coagulation factors. Created with Biorender.com.

The adaptive pathways are mainly regulated by hypoxia-inducible factors (HIF) la
and 20, transcription factors that are stabilised and dimerised with the HIF-1f
subunit under hypoxic conditions’'. Consequently, HIFs activate the transcription
of numerous genes that contribute to the hypoxic response. HIF expression may also
be induced by oncogenic signalling in the absence of hypoxia’>’, and has been
shown to correlate to metastasis and mortality in several solid tumours™7”. Clinical
trials are currently exploring the utility of HIF inhibitors in the treatment of various
types of cancer, and the HIF-2a inhibitor belzutifan was recently approved by the
US Food and Drug Administration (FDA) for the treatment of tumours with
constitutive HIF activation due to von Hippel-Lindau gene inactivation’®.
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The adaptive responses to hypoxia are vast and include:
a. The metabolic switch

Following diminished oxygen supply, cancer cells shift from aerobic to anaerobic
metabolism via upregulation of the glycolytic pathway and downregulation of
oxidative phosphorylation. This is mediated by HIF-1/2a, which induces the
expression of genes required for glycolysis”. Glycolysis leads to an accumulation
of acidic metabolites, such as lactate, carbon dioxide and protons. To avoid
intracellular acidosis, pH-regulatory mechanisms are required, encompassing
specific ion exchangers and lactate transporters, thus generating an acidic tumour
microenvironment®, The ability to modulate the intra- and extracellular pH
provides a survival advantage to tumour cells, over the less adaptable, non-
malignant cells in the tumour microenvironment®!.

b. Angiogenesis

One of the essential hypoxic adaptations is the formation of new vasculature, so-
called angiogenesis, which is fundamental for tumour growth as it restores the
supply of nutrients and oxygen®2. The vessels that are formed during malignant
angiogenesis are aberrant in structure and more permeable than normal vessels®.
This enables the extravasation of plasma proteins and coagulation factors, with
resultant fibrin deposition in tissues that might facilitate the spread of metastatic
cells.

VEGF, one of the key regulators of angiogenesis, is strongly induced by hypoxia
and has been found to be upregulated in several types of cancer®. Other HIF-
induced pro-angiogenic factors include adrenomedullin (ADM) and fibroblast
growth factor (FGF)®. Pioneering work by Judah Folkman in the early 1970’s
acknowledged angiogenesis as a crucial component in tumour growth and described
VEGEF as a potential target to inhibit angiogenesis®>*, which led to the development
of VEGF-targeting therapies. Bevacizumab, a monoclonal antibody directed against
VEGEF, was the first approved anti-angiogenesis agent, and today there are several
groups of drugs aimed at inhibiting angiogenesis, both antibodies and tyrosine
kinase inhibitors. In SCLC, as in other types of cancer, increased levels of VEGF
have been associated with a poor prognosis®’®® and this has been subject to
investigations with various angiogenesis inhibitors. However, results have been
conflicting and despite numerous trials, there is currently only one approved
angiogenesis-targeting drug, but only for use in Chinese populations®.

c¢. Coagulation

Moreover, there is evidence suggesting that HIFs can activate the coagulation
system through the induction of TF, thereby linking hypoxia and cancer-associated
hypercoagulation’’. However, it remains unknown whether the degree of tumour
hypoxia directly correlates with VTE risk. Some of the pro-angiogenic and
proliferative potential of hypoxia may also be related to PAR-signalling, as hypoxia
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has been shown to upregulate PAR-2 in endothelial cells, stimulating proliferation
and angiogenesis. Furthermore, hypoxia has been found to stimulate the release of
procoagulant EVs carrying TF/FVIla, with the potential to induce PAR-2
signalling®?.

Hence, hypoxia is a central event leading to several tumour-promoting processes
including angiogenesis, coagulation activation and metabolic adaptations,
contributing to a more aggressive and treatment-resistant phenotype.

The wound that does not heal

Cancer is sometimes referred to as the wound that does not heal, as it employs
similar mechanisms to induce coagulation, new vessel formation and supportive
stroma proliferation as in wound healing®**. For example, the upregulation of
VEGEF resulting in angiogenesis and increased vascular permeability is as central in
the angiogenesis of wound healing as it is in cancer development. A major
difference, however, is that the proliferative pathways in normal healing terminate
when the healing is completed, whereas the tumour is insatiable, with sustained
hypoxia and coagulation activation driven by constitutively expressed mitogenic
signalling®.
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Anticoagulants as tumour-inhibiting agents

Bearing in mind that coagulation factors contribute to angiogenesis and metastasis,
it is conceivable that anticoagulants, used to treat thrombosis, also have tumour-
inhibiting effects. The pre-clinical and clinical evidence of this will be discussed in
the following sections.

Heparin and heparan sulfate — a diverse duo

Heparin

Endogenous heparin is produced by mast cells, where it aids the packaging of
proteases and histamines in mast cell granules®. Heparin belongs to the family of
glycosaminoglycans (GAG) and consists of a highly sulphated polysaccharide
chain. Notably, the chemical characterisation of heparin and the closely related
heparan sulfate (HS) was pioneered by the Finnish-Swedish chemists Erik Jorpes,
at Karolinska Institute, and Sven Gardell, for many years professor of medicinal
chemistry at Lund University®.

The uniform distribution of sulphated regions gives heparin its high negative charge,
which is decisive for its biological profile®*. More specifically, the active site of
heparin is formed by a distinct pentasaccharide sequence with the ability to bind the
protease inhibitor antithrombin®. This causes a conformational change to
antithrombin, which enhances the inhibition of thrombin and FXa. In addition,
heparin releases the potent TF-inhibitor, TFPI, from the vascular endothelium,
further preventing TF-dependent coagulation activation®’. The clinical indications
for unfractionated heparin include prevention and treatment of thrombotic events,
but its therapeutic usage has largely been replaced by low-molecular-weight
heparins (LMWH), which are depolymerised derivatives of heparin'®. With a more
predictable bioavailability and clinical efficacy, LMWH is often preferred over
unfractionated heparin. The subcutaneous once-daily LMWH injections imply a
clear clinical advantage compared to the more frequent, often intravenous,
injections of unfractionated heparin that additionally, requires regular monitoring.
With regards to toxicity, the risk of major haemorrhage is comparable between
LMWH and unfractionated heparin, but the latter is also associated with heparin-
induced thrombocytopenia'®.

Heparan sulfate

HS is a less sulphated GAG as compared with heparin, and is conjugated with a core
protein to form a proteoglycan (PG). HSPGs are present in virtually all cells in the
body, either on cell surfaces as e.g. syndecans (1-4) or glypicans (1-6), or in the
extracellular matrix conjugated to e.g. perlecan, agrin or collagen XVIII**. The
biological functions of HS are vast and partly dependent on localisation, cell of
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origin and sequence of the GAG chain®®. Numerous other GAGs and PGs have
been identified, with various biological activities, but for the purpose of this thesis
we will focus on heparin and HS.

HS is an important component in the extracellular matrix and in cell signalling
pathways. HS can provide a scaffolding for presenting or carrying specific proteins
and may serve as a co-receptor for numerous growth factors!®’. Thus, HS has been
proposed to contribute to tumour cell proliferation and angiogenesis, for example
by potentiating the binding of VEGF, FGF and PDGF, all of which are known
mitogenic or pro-angiogenic factors’!°!. Consistently, Fuster et al. demonstrated
that genetically altered HSPGs in vivo resulted in reduced tumour growth and
vascularisation due to an attenuated angiogenic response to FGF and VEGF'%,
However, the roles of HS in tumour biology appear somewhat conflicting. HS can
either act to promote or inhibit carcinogenesis, and this may be context-
dependent®®®. For example, the HSPG glypican-1 is associated with an increased
metastatic potential in mouse models and in patients'® and shedding of syndecan-1
has been shown to promote breast cancer growth!*1%, On the contrary, down-
regulation of syndecan-1 expression has been found in several types of cancer”, and
HSPGs have been associated with suppressed proliferation in neuroblastoma'®.

Antitumoral mechanisms of heparin

Several mechanisms have been proposed for the potential tumour-inhibiting effects
of heparin and its low-molecular-weight derivatives, as illustrated in Figure 4, and
these include:

a. Inhibition of tumour-promoting coagulation factors

By directly inhibiting FXa and thrombin via antithrombin potentiation, heparin may
impede the tumorigenic effects of coagulation activation, in particular fibrinogen-
dependent metastasis®*!?’. Moreover, TFPI, a potent inhibitor of TF, is released
from the vascular endothelium in response to heparin. TFPI has been found to exert
antiangiogenic effects!®® in addition to the inhibition of TF-mediated coagulation
activation and PAR-signalling, further reducing metastasis and angiogenesis.
Chemically modified heparins with limited or no anticoagulant activity have also
been shown to reduce tumour growth, metastasis and angiogenesis, implying that
the antitumoral effects of heparin may be partly independent of its anticoagulative
properties'®-112,

b. Inhibition of co-receptor function

HS contributes to proliferation and angiogenesis by acting as a co-receptor,
facilitating the binding of growth factors to their respective receptors. For example,
HS plays a mandatory role in bFGF binding its cell surface receptor, leading to
enhanced proliferation, differentiation and new vessel formation''*!!*, Pre-clinical
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experiments have demonstrated that heparin competitively inhibits growth factors
from binding the HS co-receptor'!®. For example, both unfractionated and low-
molecular-weight heparins can interfere with the interactions between bFGF and
HSPG, thereby reducing FGF-induced angiogenesis''®. Also, smaller heparin
fragments of less than octadecasaccharides have been shown to reduce VEGF
activity'!”.

c. Inhibition of heparanase

Heparanase is an enzyme that degrades and cleaves HS chains into shorter
fragments. Heparanase is rarely expressed in normal tissues but can be secreted by
tumour cells, and is associated with invasive cancer phenotypes and metastasis''®.
The HS fragments generated by heparanase cleavage may be even more potent
mediators of growth factor signalling!®”!'°, and consistently, heparanase has been
found to promote angiogenesis, metastasis and cell adhesion'?*!?!, Several studies
have demonstrated that heparin reduces the metastatic potential in vitro through
inhibition of heparanase'**'?*, providing yet another possible mechanism for the

antitumoral effects of heparin.
d. Modulating cell adhesion

Selectins and integrins are important cell adhesion molecules, normally involved in
cell-cell interactions, cell motility and anchorage to the extracellular matrix. In
malignancy, several of the selectins and integrins contribute to metastatic spread.
One mechanism whereby heparin may exert tumour-inhibiting effects, is by
interacting with the selectin- and integrin-mediated cell adhesion, which is crucial
for metastasis®*'>.

e. Exposure of cancer cells to immune cell surveillance

Platelets and fibrin can provide a protective sheath covering tumour cells in the
circulation, helping the cancer cells evade clearance by NK-cells. It is conceivable
that heparin breaks up the protective sheath primarily by interfering with platelet-
associated selectins, thereby rendering the tumour cells more vulnerable to NK-cell
clearance®®>%12¢,

25



. Protease-activated .
Tissue factor . Factor Vlla Factor Xa Tumour cell z Heparin
? g) receptor ‘

ms:ﬁmhe"al 1( gg:::;rfactor ) Growth factor __E;Hspe ‘Tumourcell zHeparin

receptor

=
][ Growth factor o, Growth factor ) HSPG @By Tumour cell eHeparin ’ Heparanase

26



*Ite\et ’ P-selectin @@y Tumour cell z Heparin

g

=\
‘\!;’) NK-cell eHeparin

latelet S Tumour cell Fibrin

Figure 4: Potential antitumoral mechanisms of heparin.

a) Inhibition of tumorigenic effects of coagulation activation by blocking coagulation factors FXa and thrombin; b)
interference of heparan sulfate co-receptor function, thereby blocking growth factor binding to their respective
receptor; c) inhibition of heparanase activity; d) impeding tumour cell interaction with cell-adhesion molecules; e)
disrupting the protective sheath consisting of platelets and fibrin, exposing the tumour cells to immune cell clearance.
HSPG = heparan sulfate proteoglycan; NK-cell = natural killer-cell. Created with Biorender.com.

Clinical trials

Considering that VTE is a major contributor to cancer-associated morbidity and
mortality, that several coagulation factors are involved in tumour development, and
the large amount of preclinical evidence indicating that anticoagulants exert tumour-
inhibiting effects, the next question to ask is how this translates into clinical
situations. Do anticoagulants actually prolong survival in patients with cancer?
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The first, pivotal trial to address this was the Veterans Administration Cooperative
Study #75 published by Zacharski et al. in 198427, Here, the addition of warfarin
improved survival specifically in patients with SCLC (N=50), from 23 to 49 weeks.
No effect was seen in patients with other types of cancer. Ten years later,
unfractionated heparin was shown to increase survival from 261 to 317 days in
SCLC (N=277) and the association was more pronounced in patients with limited
disease'?®. Yet another ten years down the line, Altinbas et al.'* demonstrated
survival rates of 13 and 8 months, respectively, in SCLC patients receiving
chemotherapy with addition of the LMWH dalteparin, or chemotherapy alone
(N=84).

In contrast, other studies with more heterogenous cancer populations have only
shown improvements by anticoagulants in patients with an already favourable
prognosis or non-metastatic disease!”!**13!, Based on results from the trials above
and others, early review articles concluded that the adjunctive use of anticoagulants
reduced mortality uniquely in patients with SCLC!**!3, However, more recent
studies have failed to show any survival benefit with prophylactic anticoagulants'**
136 Of particular interest is the FRAGMATIC trial from 2016, in which 2,202 lung
cancer patients received standard therapy with or without prophylactic dalteparin
for 24 weeks'*. Intriguingly, there was no difference in outcome between the two
study arms, and subgroup analysis of the 392 patients with small cell histology did
not reveal any improved survival.

A potential drawback with self-administered medication is the issue of adherence.
Contrary to warfarin which is routinely monitored by assessing the international
normalised ratio (INR) in plasma, there is no method to objectively measure
adherence to LMWH, as accessible tools are lacking. This problem has been
approached in different ways, for example, in the FRAGMATIC study patients were
instructed to bring empty syringes to the follow-up appointments. Still, this is no
guarantee that the medication has been administered, and in the vast majority of
studies the issue of adherence has been somewhat neglected.

To summarise, the role of anticoagulants as tumour-inhibiting agents has been
unclear to say the least, and the early, positive studies were either small or did not
use modern chemotherapy regimens. This prompted the design of RASTEN, a
phase-III trial where patients with SCLC were randomised to receiving standard
therapy with or without the addition of enoxaparin, a LMWH. The trial was
conducted between 2008-2016, with the aim to investigate whether enoxaparin at a
supra-prophylactic dose would improve survival in a large, homogenous population
of SCLC patients. A detailed description of the RASTEN trial follows in the Patients
and methods section.
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Small cell lung cancer — a dynamic disease

Lung cancer is the leading cause of death from cancer, worldwide and in
Sweden!*”13 Small cell lung cancer, accounting for 13% of all lung cancer cases,
is a particularly aggressive disease with 5-year survival rates of <7%"3%140,
Typically, SCLC follows a dynamic course and is characterised by symptomatic
patients at time of diagnosis, due to the rapid cancer growth and early metastatic
spread. However, owing to the treatment-sensitive nature of the disease, a majority
of patients will experience initial tumour shrinkage and relief of symptoms. Still,
most patients will relapse, and the chances of responding to subsequent lines of
therapy are substantially diminished'*'. Until very recently, there were no major
therapeutic improvements into the care of SCLC patients, hence other treatment
strategies, such as the use of prophylactic anticoagulants to prolong survival, were
greatly sought after. Today, some therapeutic advances have been made with the
emergence of immunotherapy, and hopefully there is more to come in the next few
years. This section will briefly cover the current standard of care and other clinical
considerations in SCLC.

Prognostic and predictive factors

Disease stage

Disease extent is one of the main factors affecting prognosis in SCLC'*?, and correct
staging is essential to guide clinicians in making the most appropriate treatment
decisions. Most solid tumours are staged according to the TNM classification, which
encompasses tumour size (T), nodal status (N) and distant metastasis (M),
generating four stages ranging from I (local disease) to IV (metastatic disease)'®.
In contrast, SCLC has by tradition been classified as limited disease (LD) or
extensive disease (ED) using a simplified system proposed by the Veterans
Administration Lung Study Group (VALSG)!"**!%, Limited disease, corresponding
to stage I-I11, is defined as tumours confined to one hemithorax, whereas extensive
disease, equivalent to stage IV, is any spread beyond that (Figure 5). Prognosis is
particularly dismal in ED with 2-year survival rates of 5%, compared to 24% in
LD'*. The TNM classification is generally preferred in SCLC, however, as most
clinical trials still apply the VALSG staging system, the terms LD and ED will be
used throughout this thesis.
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Figure 5: Staging of small cell lung cancer, according to the Veterans Administration Lung Study Group

Limited disease is confined to one hemithorax while extensive disease is any spread beyond that. lllustration created
with Biorender.com.

The notion that LD is associated with a better outcome than ED, yet, in most patients
the disease has already disseminated at diagnosis'®®, raises the issue of screening.
Trials aimed to elucidate the value of lung cancer screening using low-dose
computerised tomography scans have demonstrated earlier detection and
significantly reduced lung cancer mortality, compared to control arms'#®!47,
However, with regards to SCLC, the results are unclear. In the Dutch-Belgian
NELSON trial'*, most of the SCLC cases in the screening group were, in fact, not
detected through the screening programme. This highlights that rapidly growing
tumours may be difficult to capture at a predetermined time-point for radiographic
assessment, but further discussions are needed regarding the implementation of
screening programmes to reduce lung cancer mortality in high-risk populations.

Performance status and other clinical prognostic factors

When discussing treatment options, it is essential to consider the patient’s functional
level, as this will influence treatment tolerability and outcome. Assessment of
performance status is a way to evaluate the daily activities a person is able to carry
out. In clinical trials, the most widely used scale is the European Cooperative
Oncology Group score'*, also referred to as the World Health Organisation (WHO)
score, with grades ranging from 0 (asymptomatic and fully active) to 5 (dead).
Performance status is a strong prognostic indicator, as illustrated by data extracted
from the Swedish Lung Cancer Registry showing a median OS of 9.6 months in
SCLC patients with a WHO performance status of 0-2, compared to a median OS
of 1.2 months in patients with WHO 3-4'%°_ which is consistent with international
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literature!*>!>°, There is some evidence that laboratory parameters such as

hyponatremia, leukocytosis and high levels of lactate dehydrogenase may affect
outcome'*>13%131 " byt data is inconclusive, and these variables rarely influence
treatment decisions.

Genetic and molecular characteristics

Unlike NSCLC where several key driver mutations have been identified, to date
there are no known targetable genetic alterations in SCLC. Two mutations are
almost universal, the loss of the tumour suppressor genes TP53 and RB1, but they

are neither predictive, prognostic nor, so far, hold potential as therapeutic targets'>.

Recently however, four molecularly distinct subtypes of SCLC have been identified
with differential response to treatment!'3"'>, The two main subtypes, SCLC-A and
SCLC-N, are defined by their predominant expression of the neuroendocrine
transcription factors ASCL1 and NEURODI, respectively. The third subtype,
SCLC-P, expresses the non-neuroendocrine marker POU2F3, whereas the fourth
type is lacking in all of the above markers, and is characterised by an inflammatory
profile including the upregulation of cytokines and cytotoxic T-cells. Consequently,
this is referred to as the inflamed subtype, SCLC-I '*°. In an exploratory subset of
the IMpower-133 trial (see below), the combination of chemotherapy and the
immune checkpoint inhibitor atezolizumab was associated with improved survival
in patients with SCLC-I, as compared to the other subtypes'®, suggesting a
predictive role in immunotherapy.

Treatment of SCLC

Chemotherapy

For several decades, treatment of SCLC has been based on chemo- and radiotherapy.
The chemotherapy backbone normally consists of a platinum-compound, either
cisplatin or carboplatin, in combination with a topoisomerase inhibitor, usually
etoposide. The regimen is given in 3-weekly cycles, for 4-6 cycles. Despite being
an aggressive and fast-growing disease, patients often respond quickly to initial
therapy, with complete or partial responses achieved in 60% with ED-SCLC,
illustrating the treatment-sensitive nature of the disease'>*!S’. However, most
patients will relapse and further therapeutic options are limited. Topotecan, another
topoisomerase inhibitor, is the only approved drug for second-line treatment in
SCLC. Re-challenge with carboplatin and etoposide is another possibility,
particularly in patients with a treatment-free interval of at least 3 months, and this
may be repeated as long as there is evidence of clinical benefit. Response rates in
the second-line setting range between 15-30%, and are particularly poor in patients
with a short treatment-free interval'*!. This rapid development of secondary
resistance is a specific feature of SCLC, and one might wonder why this could be.
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Highly proliferative cells are generally deemed more sensitive to therapy, which
may explain the initial response to chemotherapy. Then why do we not see the same
effects in second- or third-line settings? Multi-clonality is often put forward as an
explanation of treatment resistance, providing survival advantage to clones with e.g.
acquired mutations or more favourable phenotypes based on non-genetic
mechanisms, including adaptive responses to hypoxia and metabolic stress'>®10,
Hopefully, further studies of genetic and epigenetic characteristics will provide
more insight into this issue.

Radiotherapy

Radiotherapy is administered based on disease extent, response to systemic therapy
and patient symptoms. Adding thoracic radiotherapy to chemotherapy improves
local control and prolongs survival'®-16*. With modern dosing schedules and
techniques, concurrent radiotherapy in LD is associated with 2-year survival rates
of 56%'%, when given as 45 Gy in 30 twice-daily fractions, according to current
international guidelines'®>. However, this recommendation is challenged by a
Scandinavian randomised phase-II trial, demonstrating superior 2-year survival
rates of 74.2% with accelerated, hyperfractionated radiotherapy administered as 60
Gy in 40 twice-daily fractions, compared to the standard dosing of 45 Gy in 30
fractions, twice-daily'é®. Toxicity was comparable between the arms, and this
accelerated regimen is now being proposed in the Swedish guidelines for the
treatment of LD-SCLC.

In patients with ED responding to systemic therapy, consolidating thoracic
radiotherapy has been shown to increase PFS and improve 2-year survival rates from
3% to 13% as compared to patients receiving chemotherapy only'®, and may be an
option in patients with a good performance status where the extrathoracic disease is
under control.

Due to the high incidence of brain metastasis in SCLC, prophylactic cranial
irradiation is recommended in patients with a favourable performance status who
have responded to first-line therapy!'®®. Prophylactic cranial irradiation reduces the
incidence of brain metastasis and prolongs survival in both LD and ED'¢7-!%% but it
needs to be considered carefully due to the risk of neurocognitive toxicity, especially
in the elderly'®. As in other malignancies, radiotherapy is important in the palliative
setting and may relieve symptoms caused by metastatic lesions for example in the
brain and bones, or to reduce occlusions of large vessels or airways caused by bulky
tumours.

Immunotherapy in SCLC

In oncology, immunotherapy refers to agents that activate the antitumour response
of the host immune system. Evading immune surveillance is one of the hallmarks
of cancer, and one mechanism whereby this is achieved is through the PD-1/PD-L1
pathway!”®. The binding of Programmed cell death-1 (PD-1) expressed on T cells,
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to its ligand (PD-L1) found on the surface of tumour cells, can impede the cytotoxic
T cell activity!”""!72, Inhibitory antibodies targeting PD-1 or PD-L1, often referred
to as immune checkpoint inhibitors, have revolutionised medical oncology and have
undoubtedly improved the care of lung cancer patients.

Still, in SCLC the role of immunotherapy has been uncertain, as trials in the second-
or third-line settings have failed to show convincing effects on outcome in an
unselected population!'”™!7>. Only recently, two large trials showed improved
survival in patients with previously untreated extensive disease with the addition of
atezolizumab (IMpower-133)!%¢ or durvalumab (CASPIAN)'S’ to standard
chemotherapy. The PD-L1 inhibitors prolonged median OS by 2.0 and 2.7 months
in the IMpower-133 and CASPIAN trials respectively, and although the benefit is
modest, atezolizumab and durvalumab are now considered to be part of the standard
of care in patients with ED-SCLC. In contrast, a trial of the PD-1 inhibitor
pembrolizumab in combination with first-line chemotherapy in ED demonstrated
significantly improved PFS and prolonged duration of response'”®, but as the study
did not meet its pre-specified endpoint for OS, pembrolizumab is not yet
recommended in this setting. The overall modest responses to immune checkpoint
inhibitors have been unexpected considering the high tumour mutational burden
(TMB) seen in SCLC'>!77, likely reflecting a high exposure to smoking-related
carcinogens. TMB is a surrogate marker of neoantigen load and has been shown to
predict response to immunotherapy, in e.g. NSCLC and malignant melanoma'”®17,
Still, in the IMpower-133 trial, response to atezolizumab was independent of TMB
status'®®. Perhaps T cell infiltration is not as high as we think, or other immune
checkpoints predominate.

Best supportive care

Despite current therapeutic improvements, a large group of patients will face
symptomatic disease that significantly affects their quality of life. Furthermore,
patients with a poor performance status may not be amenable to intense antitumour
treatment. Best supportive care should always be considered when managing
patients with SCLC, in particular patients with metastatic or relapsed disease. The
American Society of Clinical Oncology recommends the early integration of
palliative care in advanced cancer, preferably as an adjunct to active treatment's!.

What'’s in the pipeline?

Several new agents are under investigation for their use in SCLC, and other
indications for immunotherapy are being explored. In 2020, lurbinectedin, an
alkylating drug which selectively inhibits oncogenic transcription, was granted
accelerated FDA approval as second-line therapy following the results of a phase-II
trial, demonstrating objective response rates of 35%'%2. A subsequent phase-III trial
of lurbinectedin combined with doxorubicin, compared to standard of care, did not
meet its primary endpoint for OS'™ but numerous other studies are ongoing.
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Lurbinectedin is not yet approved in Sweden, pending results from confirmatory
studies.

Another target of interest is the Delta-like ligand-3 (DLL-3) which is an atypical
Notch ligand highly expressed by neuroendocrine cancer cells. The antibody-drug
conjugate rovalpituzumab teserine (Rova-T) targeting DLL-3 initially showed
promising results'®*, but two recent phase-1Il trials of Rova-T as second-line
treatment or as maintenance following standard chemotherapy, were discontinued
as patients receiving Rova-T experienced inferior OS and increased toxicity
compared to the control arms!®>!%, Nonetheless, DLL3 remains an interesting
target, and is subject to further drug developments.

Cardiovascular comorbidity in SCLC

Smoking is a major risk factor for developing SCLC, in fact only 2% of patients are
never-smokers'®’. Smoking contributes to a range of other conditions, which is
reflected by the high frequency of comorbidities in this patient group. In the late
1990’s, the presence of one or more comorbidity was reported in 55% of SCLC
patients'®, In 2011-2012 this figure had risen to 76%, indicating that comorbidities
are common and increasing. Cardiovascular and respiratory diseases are among the
most prevalent, with cardiovascular disease (CVD) being reported in 40-48% of
patients'3%1%1,

Comorbidity — a prognostic factor?

It is unclear to what extent comorbidities affect survival in lung cancer as some
studies have reported negative associations with prognosis!®®1?0-192 whereas others
have not '#*18193195 = A pogsible explanation for the discrepancies in outcome
between the studies above is the use of different definitions and comorbidity scoring
systems. For example, hypertension is classified as a CVD in the Simplified
Comorbidity Score developed by Colinet et al'®, while the more commonly used
Charlson Comorbidity Index'®” defines hypertension as a separate condition. What
has been shown is that known comorbidities appear to predict the choice of anti-
cancer treatment, suggesting an indirect effect on survival'®18%1%8 * A Dutch study
reported that LD-SCLC patients with CVD, hypertension or diabetes mellitus were
less likely to receive thoracic radiotherapy!'®*. Consistently, Ferris et al. found a
higher incidence of prior cardiac events in patients receiving chemotherapy-only
compared to patients receiving combined chemo- and radiotherapy'®!, which
indicates that physicians are influenced by co-existing disease when making
treatment decisions.

The challenges of assessing cardiovascular disease

It is important to bear in mind that CVD encompasses a wide spectrum of
conditions, with varying degrees of systemic impact. This highlights one of the
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challenges in managing coexisting medical conditions, especially CVD which is
particularly difficult to assess and grade in view of a recently diagnosed malignancy.
Other organ systems, such as respiratory, renal and haematological, are easily
monitored by spirometry and routine laboratory parameters, but cardiovascular
(CV) status is rarely assessed as part of lung cancer investigations. Functional
imaging of the heart is not prioritised in a patient with newly diagnosed SCLC where
rapid initiation of treatment is crucial, and the value of monitoring established
cardiac biomarkers such as troponin and brain natriuretic peptide (BNP) has not yet
been determined'”.

Treatment-induced cardiotoxicity

Another aspect is that of the potentially cardiotoxic effects exerted by some of our
more commonly used anticancer treatments, including thoracic radiotherapy,
immunotherapy and certain chemotherapy agents. This is a growing concern in
several types of cancer, such as breast cancer where there is an increasing population
of long-term survivors having received anthracycline-based chemotherapy,
sometimes combined with trastuzumab and radiotherapy, all of which can cause
cardiac complications?®.

The main systemic therapies with cardiotoxic effects that are relevant to SCLC are
cisplatin and immunotherapy?®”. Cisplatin mainly affects the vascular system,
leading to arterial vascular disease and VTE, whereas myocarditis is the most
common cardiac toxicity seen with immune checkpoint inhibitors, with a reported
incidence of 0.27-1.14%%!. Cases of pericarditis, vasculitis and takotsubo-like
syndrome have also been described*®. Other potentially cardiotoxic agents that may
be used in later lines include doxorubicin, cyclophosphamide and paclitaxel, but the
effects may not have time to develop due to the generally poor prognosis.

With regards to thoracic radiotherapy, limiting the radiation dose to the heart is
essential to minimize the risk of subsequent cardiac toxicity?>. Radiation activates
acute inflammatory pathways eventually leading to chronic inflammation and
fibrosis of cardiac structures. This can result in cardiomyopathy, pericardial disease,
atherosclerosis and arrhythmias®**2%%, Interestingly, a large study of 7,060 SCLC
patients reported baseline rates of cardiac events in 40% of the population. Adding
thoracic radiotherapy to chemotherapy increased the absolute risk of further cardiac
events at 5 years by 5% in all patients, and 10% in LD. The risk was significantly
higher in patients with a prior history of cardiac events, with 1-year rates of 55% vs
28% in patients with and without baseline cardiac events, respectively'!. The
prediction and prevention of radiation-induced cardiotoxicity is currently addressed
in several prospective lung cancer trials; NCT04305613, NCT03978377, and
NCT03645317, but only the latter is enrolling patients with SCLC.
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To summarise, cardiovascular disease is common and may affect treatment
tolerability. CV status needs to be taken into consideration when managing patients
with SCLC but comorbidity in general, and CVD in particular, may be challenging
to assess. Hence, objective biomarkers could be a useful tool when making
individual treatment decisions.
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Rationale

This thesis is based on the RASTEN study, a randomised phase-III trial
investigating the effects of enoxaparin, a low-molecular-weight heparin, in addition
to standard therapy in patients with small cell lung cancer, with the purpose of
prolonging survival. The rationale behind the trial is formed by the following key
statements:

1. Venous thromboembolism is common in cancer and contributes to
morbidity and mortality.

2. Cancer is associated with increased coagulation activation and several key
coagulation factors contribute to tumour progression.

3. Anticoagulants  have  demonstrated  tumour-inhibiting  effects
experimentally in vitro as well as in vivo, and several clinical trials have
shown improved survival specifically in patients with small cell lung
cancer, receiving prophylactic anticoagulants.

The role of anticoagulants as anti-cancer agents had been widely debated for
decades, but the early clinical trials were either small or did not use standard
chemotherapy, which prompted the design and initiation of RASTEN.
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A1ms

The overall aim of this thesis is to explore the role of coagulation activation in
tumour development in small cell lung cancer, and to identify biomarkers that are
prognostic or predictive of the development of venous thromboembolism and
response to low-molecular-weight heparin.

The specific aims are:

Paper [ To investigate if the addition of LMWH to standard treatment
improves survival in SCLC. The secondary outcomes include PFS,
the incidence of VTE and haemorrhage.

Paper 11 To objectively assess adherence to LMWH therapy using an
experimental assay in conjunction with an established method for
monitoring LMWH, and to determine if survival is improved in
patients that are considered to be adherent.

Paper 111 To identify SCLC patients with increased coagulation activity and
investigate the correlation to survival and VTE. Ultimately, the
objective is to define a subgroup of patients that benefit from
prophylactic anticoagulants based on a hypercoagulable profile.

Paper IV To explore the prognostic impact of circulating cardiovascular
biomarkers in SCLC.
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Patients and methods

The thesis is based on the RASTEN trial, reported in Paper I. The consecutive
Papers (II-1V) use translational cohorts that stem from the clinical study population.

Clinical trial design and methodology

The gold standard when determining the efficacy of a new therapy is to perform a
randomised controlled trial (RCT)?*. In an RCT, patients are randomly allocated to
one of two, or sometimes three, study groups, either the control arm encompassing
the established standard therapy, or the intervention arm, receiving either a newly
developed agent or a known treatment with a new indication. RCTs are always
prospective trials, and the aim is either to show superiority or non-inferiority of the
new therapy as compared to standard of care. The randomisation procedure is
computerised, and patients are usually stratified by a few baseline characteristics to
minimise systematic differences between the arms and limit bias by confounding
effects®®.

Common outcome measures in oncological RCTs include overall survival (OS) and
progression-free survival (PFS), but may also be organ-specific e.g. brain
metastasis-free survival. In cancer types with a generally poor prognosis and limited
treatment options after relapse, such as SCLC, OS may be more valuable than PFS.
On the contrary, in studies focusing on localised disease where patients are treated
with curative intent, PFS is often more informative. Apart from reporting efficacy
of an intervention, safety and toxicity needs to be described in a clinical trial, to
allow for the correct judgement of the potential benefits and harm of the therapy.
Many trials also incorporate patient-reported outcomes such as quality of life,
changes in symptom presentation and psychological effects, which are other

important aspects?*,

The RASTEN trial

RASTEN is a randomised phase-III trial of standard treatment with or without the
addition of enoxaparin, a low-molecular-weight heparin, in small cell lung cancer
(ClinicalTrials.gov: NCT00717938). This international study was initiated and
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conducted by the Swedish Lung Cancer Study Group, and enrolled patients at 23
different sites; 17 in Sweden, 5 in Canada and 1 in Denmark, between 2008-2016.
The main study site was Skéne University Hospital, Lund, and funding was
primarily academic with limited support from Sanofi-Aventis.

Patient selection and randomisation procedure

Patients with previously untreated SCLC of any stage were included if the following
additional criteria were fulfilled: > 18 years of age, WHO performance status 0-3,
platelet count > 100 x 10°/L and standard coagulation parameters within normal
ranges. Key exclusion criteria were previous systemic chemotherapy, concomitant
anticoagulant treatment except for acetylsalicylic acid or clopidogrel, active
bleeding or high risk of clinically significant bleeding.

RASTEN is an open-labelled study where patients were randomised 1:1 between
the control arm receiving standard treatment, and the intervention arm receiving
enoxaparin in addition to standard therapy. The randomisation procedure was
conducted at the Clinical Research Unit at Skane University Hospital, Sweden,
using a computerised algorithm, and patients were stratified according to study site,
gender, age, disease stage and performance status.

Treatment

Standard systemic therapy included a platinum-compound and a topoisomerase
inhibitor, administered every 3 weeks for 4-6 cycles. Radiotherapy was given
according to local protocol, depending on disease extent and response to
chemotherapy. Patients in the intervention arm received additional enoxaparin
administered as subcutaneous injections at the dose of 1 mg/kg once daily. This is
higher than the usual prophylactic dose set at 40 mg once daily, and slightly lower
than the therapeutic dose of 1.5 mg/kg once daily. The injections were started on
the first day of systemic therapy and continued until day 21 of the final
chemotherapy cycle.

Outcome

RASTEN was designed as a superiority study with the primary aim to show
improved overall survival with the addition of enoxaparin. OS was defined as the
date of randomisation to the date of death from any cause. The secondary outcomes
included progression-free survival, incidence of VTE and major haemorrhagic
events.

Safety

In accordance with Good Clinical Practice guidelines, any adverse events that arose
during the trial period were reported and graded according to the Common
Terminology Criteria for Adverse Events (CTCAE) version 3.0, established by the
National Cancer Institute, USA?%. Based on the CTCAE classification, toxicity was
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graded as mild (grade 1), moderate (grade 2), severe (grade 3), life-threatening
(grade 4) or fatal (grade 5). The LMWH therapy was permanently stopped in case
of major haemorrhage, intracranial haemorrhage, persistent thrombocytopenia or a
VTE requiring therapeutic anticoagulation, or any other reason at the investigator’s
discretion.

Adherence to LMWH treatment

In order to monitor adherence, patients allocated to the enoxaparin arm were
requested to register every injection in a diary, and to bring their empty syringe
boxes to each appointment. Time and cause of any temporary disruptions were
recorded. For further details regarding the study design of RASTEN, please see the
Methods section of Paper I.

Statistical considerations: Paper |

Power calculations

When designing an RCT, a power calculation is required to estimate the sample size
needed in the trial, in order to achieve the expected outcome with sufficient
statistical power to be able to draw conclusions. With RASTEN, it was hypothesized
that the addition of LMWH would improve OS with a hazard ratio of 0.75,
corresponding to a median OS of 7.9 and 10.6 months in the control vs experimental
arm, respectively, and an improvement in 1-year survival rates from 35% to 46%.
Assuming exponentially distributed survival times, an accrual period of 78 months
and an additional follow-up of 12 months, 195 patients per arm would be required
to have 80% power to detect the expected increase in 1-year survival rate in the
intervention arm at the alpha level 5% with a two-sided log rank test. Due to a slower
accrual rate than initially expected, the study period was extended after approval
from the local ethics committee and the Swedish Medical Products Agency.

All patients initiating the first treatment cycle were included in the statistical
analysis according to intention to treat. Patients who withdrew from the study were
included in the intention to treat analyses, and their follow-up times were censored
at the date of withdrawal of consent.

Survival estimation

To estimate the primary outcome, OS, the Kaplan-Meier method was used with a
log rank test to compare the two curves. Cox regression analysis was performed to
quantify the effect of treatment on survival, reported as HR with 95% confidence
interval (CI). A subsequent multivariable analysis was adjusted for stage, age,
gender, performance status and study site. In addition, a subgroup analysis by
disease extent was carried out.
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Venous thromboembolism and haemorrhagic events

The cumulative incidence of first VTE was calculated per treatment group, using a
standard method which accounts for death without VTE as a competing event.
Haemorrhagic events were reported numerically but statistical testing was not
possible due to the limited number of clinically relevant events.

Ethical considerations

The RASTEN trial was conducted according to ICH/GCP guidelines and in
agreement with the Declaration of Helsinki. Approval was obtained from the
Swedish Medical Products Agency (Liakemedelsverket) and the Regional Ethics
Committee at Lund University, Sweden. All participants gave their written,
informed consent, including a specific consent allowing for collection, storage and
analysis of blood samples as part of the translational biobank. Questions regarding
ethical considerations were discussed continuously within the study group.

Translational study designs and assay methods

During the clinical trial, blood samples were collected at three different time-points;
at baseline prior to treatment start, before chemotherapy cycle 3, and at follow-up
appointment 2 months after the end of treatment. The samples were stored as serum,
EDTA- and citrate-plasma, in a -80°C freezer at the Clinical Research Unit, Skane
University Hospital Lund, Sweden, until use. This has enabled translational studies
where plasma biomarkers have been correlated to clinical parameters such as OS,
disease stage, the use of LMWH and VTE incidence.

Translational cohorts

Translational cohort I consists of all patients for which samples taken prior to
chemotherapy cycle 3 were available. In total, 258 patients were included. The
second translational cohort (Cohort II) was established at the cut-off date of
November 1% 2013, and consists of the first 292 consecutively enrolled patients in
the study. In paper 11 we took advantage of the serial blood collections and included
plasma samples from all three time-points, i.e. at baseline, at cycle 3 and at 2-month
follow-up. In paper IV we analysed plasma samples collected at baseline. Due to
varying sample quality such as haemolysis and insufficient volume, and other assay-
specific technical limitations, for each assay there was a small number of samples
for which a result could not be obtained.
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Table 2 outlines the assays used in the translational studies, which will be briefly
discussed in the section below. For detailed descriptions of the methods, see the
respective papers.

Table 2. Overview of the translational studies (Papers II-IV).

Cohort Plasma samples Assays Endpoints
Paper Il Cohort | At cycle 3 Anti-FXa assay Anti-FXa activity
Adherence N=258 Heparin Red Heparin Red fluorescence,
study Enoxaparin concentration
Paper Il Cohort Il At baseline, Proximity extension assay TF
Coagulation N=242 cycle 3, Thrombin generation assay =~ TG-ETP, TG-peak, TG-ttPeak
biomarker 2-month follow-up ~ PPL assay PPL
study EV-TF assay EV-TF
Paper IV Cohort Il At baseline Immunoluminometric assay =~ ADM, ANP, Copeptin
CV biomarker N=252 Proximity extension assay ADM, ST2

study

Anti-FXa = anti-factor Xa; PPL = procoagulant phopholipids; EV-TF = tissue factor associated with extracellular vesicles;
TF = tissue factor; TG = thrombin generation; ETP = endogenous thrombin potential; ttPeak = time to peak; CV =
cardiovascular; ADM = adrenomedullin; ANP = atrial natriuretic peptide; ST2 = suppression of tumorigenicity 2.

Assay methods: Paper 11

Anti-factor Xa assay — gold standard for monitoring LMWH activity

In contrast to unfractionated heparin and vitamin K antagonists, which require
continuous monitoring of global coagulation parameters to ensure that appropriate
therapeutic levels are achieved, the efficacy of LMWH is not routinely measured in
clinical practice. However, monitoring of LMWH may be valuable in selected
patients where the anticoagulant effect is more unpredictable, e.g. in patients with
extreme body weight, severe renal insufficiency or in pregnancy'®2%. Assessment
of anti-factor Xa activity is currently considered to be ‘gold standard’ and is
available in most larger hospitals. In paper Il we wanted to determine levels of
LMWH in plasma as an objective measure of adherence to medication. For this we
used the established anti-FXa assay in conjunction with the experimental Heparin
Red assay (see below).

The anti-FXa assay is based on the inhibitory effects of LMWH, or heparin, on FXa.
Excess FXa is added to the plasma sample, where LMWH accelerates the binding
of endogenous antithrombin to the FXa reagent. The remaining FXa cleaves a
chromogenic substrate, releasing a colour that can be quantified by a change in
absorbance®”’. The level of absorbance is inversely proportional to the amount of
LMWH, and the results are reported as the corresponding LMWH concentration. A
limitation of the assay is that it only measures the anti-FXa activity without taking
into account other anticoagulant effects exerted by LMWH, such as the inhibition
of thrombin (FIla), the release of TFPI and inhibition of other heparin-binding
proteins'®?%, This may be of importance as the relative contribution of FXa and Flla
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inhibition depends on the mean molecular weight of the heparin chain. The
proportion of anti-Flla activity is gradually reduced with shorter heparin fragments,
while the FXa inhibition increases®”. For example, enoxaparin, with the mean
molecular mass of 4.2 kDa, is a stronger inhibitor of FXa, with a FXa/Flla ratio of
3.9, compared to dalteparin which has a mean molecular weight of 6.0 kDa and a
FXa/Flla ratio of 2.5. For reference, unfractionated heparin has a FXa/Flla ratio of
1, and a mean mass of 15 kDa?”. Another potential limitation is that the assay is
dependent on the availability of antithrombin in plasma®’®, which may vary on an
individual basis.

The Heparin Red assay - an experimental assessment of LMWH concentration

Heparin Red is a fluorescent probe assay developed to directly determine the plasma
levels of heparin or its derivatives, independent of their anticoagulant activity. The
fluorescent probe forms a supramolecular complex with its target heparin structure,
which results in contact quenching of fluorescence (Figure 6)*'%2!!. This generates
an inverse relationship between Heparin Red fluorescence and concentrations of
heparin in plasma.

Fluorescent Heparin ° ’ ° o Binding of Heparin Red molecules

Red molecules to heparin chain resulting in
fluorescence quenching

-1

Negatively charged
heparin chain

Figure 6: Heparin Red fluorescence quenching assay.

Heparin Red added to heparin-containing plasma will aggregate at the anionic heparin chains, resulting in quenching
of fluorescence. The emitted fluorescence is detected by a fluorescence reader, and is inversely proportional to the
heparin concentration. Author’s own illustration, adapted from Warttinger et al; Anal Bioanal Chem; 2016%'".

When the adherence study was initiated, the Heparin Red assay had only been
performed in heparin spiked plasma from healthy donors, and not in clinical
samples?!!. Hence, the first step was to evaluate if Heparin Red could detect LMWH
in patient samples and if this correlated to the anti-FXa assay. Secondly, the aim
was to define adherence to enoxaparin based on anti-FXa and Heparin Red values
and to correlate this to patient outcome.

The assay was established in-house using a ‘research-use-only’ Heparin Red® Kkit,
provided by Redprobes UG, Miinster, Germany. Due to the experimental nature of
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the assay, the samples were analysed in two batches, 3 months apart; an initial batch
consisting of the first 199 cases, which was later extended to include the remaining
59 participants. To limit technical bias, the assays were conducted by the same
personnel each time. A standard curve was obtained using pooled plasma from
healthy donors spiked with enoxaparin in the concentration range of 0-10 pg/ml. Of
note, the standard curves were comparable between the two batches. Due to skewed
distributions with negative concentrations, the mean fluorescence was used in the
statistical analysis rather than the corresponding concentrations, unless otherwise
stated.

Assay methods: Paper I11

The aim of Paper Il was to map various aspects of the coagulation profile in
participants of the RASTEN trial and define a subgroup of patients with a high
coagulation activity. The hypothesis was that hypercoagulability would correlate to
an increased risk of VTE and reduced survival, and ultimately identify a group of
patients that might benefit from prophylactic anticoagulants. To achieve this, four
different coagulation parameters were assessed.

Proximity extension assay — Total tissue factor

As a key initiator of the coagulation cascade, TF has been identified as a major
contributor of cancer-associated VTE and is associated with a poor prognosis in
several types of cancer?®. Therefore, TF was a highly interesting biomarker to study
in the context of RASTEN.

Total TF was determined in plasma using a proximity extension assay (PEA)
technology performed by Olink Bioscience, Uppsala, Sweden, as described by
Assarsson et al.*'?. The assay is based on two oligonucleotide-labelled antibody
probes binding to their specific target protein (Figure 7). When the antibody pair is
within close proximity, the oligonucleotides will bind to each other and are further
extended by DNA polymerase. This generates a protein-specific DNA template
which is detected and quantified by real-time qPCR, and is proportional to the initial
antigen concentration. The values are reported as normalised protein expression
(NPX) in arbitrary units. The PEA method reduces cross-reactivity and provides a
high specificity and sensitivity. The Proseek Multiplex Oncology 1-v2°*% and CVD
19 panels were used in our studies, generating 148 unique proteins relating to
tumour biology, the hypoxic tumour microenvironment and CV.
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A. Incubation B. Hybridization C. Preamplification D. Digestion E. Microfluidic
Extension gqPCR

Figure 7: Proximity extension assay.

The assay is based on hybridisation and amplification of paired antibody probes, ultimately detected by real-time
gPCR. Reproduced with permission under the Creative Commons Attribution License, originally published by
Assarsson et al, PLoS ONE; 2014212,

"\\N

Pratain Exprasion (ddCa)

A limitation of the PEA is that it does not provide absolute concentrations, which
makes it difficult to translate the findings into clinical practice. As such, PEA should
rather be viewed as an exploratory analysis and may point out the direction for future
biomarker studies. In addition, PEA does not distinguish between the different
isoforms of TF that are present in the circulation.

Tissue factor activity associated with extracellular vesicles

As a complement to the assessment of total TF, we were interested in studying the
more specific contribution of TF bound to extracellular vesicles, EV-TF. EV-TF
activity was measured by an ‘endpoint assay’, as described previously?". Briefly,
EVs are separated from plasma and pelleted by centrifugation, after which FVIla,
FX, and an anti-human TF antibody or a control antibody are added to trigger TF-
independent and total activation of FXa, respectively. Ultimately, TF-dependent
FXa generation was determined by subtracting the values obtained in the TF-
antibody wells from values in control antibody wells. There is currently no
standardised method for assessing EV-TF activity. Various factors can affect
outcome, such as plasma preparation and type of assay, hence it may be difficult to
make direct comparisons between studies’'®. The analyses in Paper III were
performed by external collaborators with extensive knowledge within the field*.

Thrombin generation assay

The generation of thrombin is a central step in the coagulation cascade as it directly
leads to the activation of platelets and fibrin generation, resulting in final clot
formation. The clotting time, i.e. the time it takes for a clot to form, can be measured
as activated partial thromboplastin time (aPTT) or prothrombin time (PT). Both
aPTT and PT are used in the routine monitoring of heparin and warfarin therapy,
respectively, but none of the assays quantify the amount of thrombin formed.
Instead, the preferred method for assessing thrombin generating capacity is by the
calibrated automated thrombogram, referred to as the thrombin generation assay
(TGA)?!521%, TGA measures total and physiologically relevant amounts of
thrombin®®, The thrombogram yields a thrombin generation curve, of which the
three main parameters include endogenous thrombin potential (TG-ETP), peak
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height (TG-Peak), and time to peak (TG-ttPeak) (Figure 8). ETP is the most widely
used parameter as it incorporates both the concentration of thrombin and the time it
is active.

Of note, lag time, which corresponds to clotting time, is an early event in thrombin
generation and precedes the main burst of thrombin?!'®, as illustrated in Figure 8.
Hence, PT and aPTT are poor markers of thrombin generation.

Lag time Time to peak
Peak height
= —|- =% — — - Velocity index
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__-/
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Figure 8: Thrombin generation curve obtained by calibrated automated thrombogram.
ETP = endogenous thrombin potential. Reproduced with permission under the Creative Commons Attribution License,
originally published by Depasse et al, J Thromb Haemost; 2021 217,

LMWH affects thrombin generation in two ways, indirectly through the inhibition
of FXa and directly via the inhibition of thrombin. As such, ETP has been proposed
as a superior method to monitor the effect of LMWH, compared to anti-FXa
assays’’*?%®  However, the purpose of Paper Il was to assess the potentially
predictive value of coagulation activity, hence the analysis at cycle 3 included
patients in the control arm only, to limit LMWH interference.

Procoagulant phospholipid assay

In addition to expressing TF, EVs may also express procoagulant phospholipids
(PPL) on the surface, mainly the anionic phosphatidyl serine*'®. Due to their
negative charge, PPLs contribute to the procoagulant activity by assembling
coagulation factors and promoting the formation of thrombin. PPLs are largely
derived from platelets, but the role in haemostasis and thrombosis has been
inconclusive?!?, warranting further studies. Thus, the PPL assay was included in
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Paper III to try to elucidate the potential contribution of PPL to overall
hypercoagulability. The assay measures PPL clotting time, reported in seconds,
using a method where FXa and calcium chloride are added to trigger PPL activity.
Notably, a short clotting time indicates an increased PPL activity.

Assay methods: Paper IV

Cardiovascular status is not routinely assessed in patients with SCLC, despite a high
frequency of cardiovascular disease in this patient group. In Paper IV we wanted to
explore plasma biomarkers of CV stress in relation to survival in SCLC. Are CVD
biomarkers raised in patients with a poor prognosis? What would the implications
be? We examined the vasoactive peptides adrenomedullin (ADM)), atrial natriuretic
peptide (ANP) and copeptin, together with the FDA-approved cardiac failure
biomarker, suppression of tumorigenicity 2 (ST2). Each biomarker will be described
briefly below.

Adrenomedullin

ADM is present in most tissues in the body and is involved in numerous biological
processes including the regulation of vascular tone, cell growth, hormone secretion
and natriuresis®®. ADM production is regulated by various factors including
oxidative stress, inflammatory cytokines and hypoxia%*?2*-?2, ADM is thought to
exert a cardioprotective effect in conditions such as heart failure, hypertension and
myocardial infarction’”® and reflects the neurohumoral activation, a hallmark of
cardiac failure?®*. Apart from being a CV biomarker, there is evidence indicating
that ADM is actively involved in malignant processes, particularly angiogenesis?>>
228 Overexpression of ADM has been reported in several malignant conditions,
including pancreatic, colorectal, and renal cancer’”>?*> and ADM has been

correlated to tumour progression in neuroendocrine carcinomas of various origin®'.

Mature ADM has a short half-life in plasma, limiting its use in clinical settings.
Thus, the stable peptide precursor midregional pro-ADM (MR-proADM) is
generally preferred®? and measured here using an immunoluminometric assay. In
addition, ADM is also included in the proximity extension assay provided by Olink,
allowing for comparisons between the assay methods.

Atrial natriuretic peptide

ANP is produced in the cardiac atria and exerts natriuretic, diuretic and vasodilator
effects. ANP is a biomarker of myocardial stretch, and closely resembles BNP, a
well-established marker of congestive heart failure. ANP seems to contribute to
hyponatraemia in SCLC*3*°, but its role in malignancy appears otherwise to be
protective rather than promoting®®2®¥ As with ADM, the stable precursor
midregional pro-ANP (MR-proANP) is the preferred target for analysis®*°.
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Copeptin — a surrogate marker for arginine vasopressin

Arginine vasopressin (AVP), also termed antidiuretic hormone (ADH), is produced
by the hypothalamus and released from the posterior pituitary?*’. AVP is important
in maintaining osmotic and CV homeostasis by inducing vasoconstriction and renal
water retention in response to hypovolemia®*!. The syndrome of inappropriate ADH
secretion (SIADH) is a common cause of hyponatremia in SCLC and is often
attributed to ectopic secretion of vasopressin, but the prognostic value in SCLC is
unclear'®#*>242 " Another uncertainty is whether AVP is actively involved in
carcinogenesis. A small study of 34 patients with SCLC found increased levels of
mature serum AVP to correlate to reduced survival??®. In contrast, the synthetic AVP
analogue [V*Q®] dDAVP has shown inhibitory effects on metastasis, tumour growth
and angiogenesis in colorectal and breast cancer models?*+%,

Again, the short plasma half-life limits the use of AVP. Instead, the C-terminal
fragment of the precursor molecule pre-provasopressin, called copeptin, has evolved
as a stable and useful marker?*°. Copeptin has been shown to be a potent predictor
of mortality in heart failure and has even been suggested as a superior marker in
comparison to the established BNP?24246:247,

Suppression of tumorigenicity 2

ST2 is a member of the interleukin 1 (IL-1) receptor superfamily, and more
specifically, a receptor for IL-33**. The soluble isoform (sST2), which is
measurable in plasma, is an FDA-approved biomarker in heart failure as it predicts
mortality and morbidity in several CV conditions******. The membrane-bound
isoform, ST2L, promotes an inflammatory response when bound to I1L.-33, and has
been shown to exert a cardioprotective effect. On the contrary, sST2 may act as a
decoy receptor and diminishes the inflammatory and cardioprotective effects of IL-
33249250 Whether ST2 contributes to tumour development is not clear as evidence
is conflicting®'?%* and, to our knowledge, ST2 has not yet been studied in lung
cancer patients. Here, the plasma levels of sST2 were determined by the Olink
proximity extension assay.

Quantification of vasoactive peptides using an immunoluminometric assay

Absolute levels of stable fragments of the peptide precursors MR-proADM, MR-
proANP and copeptin were measured in EDTA-plasma using a standardised,
commercial immunoluminometric sandwich assay, as previously described
(KRYPTOR, Thermo Fisher Scientific, Hennigsdorf/Berlin, Germany)***2%_n
short, an antibody labelled with a luminescent tracer detects and binds a specific
peptide sequence on the precursor molecule (Figure 9). The emitted light is
measured by a luminometer and converted to absolute peptide concentrations as
calculated from a calibration curve.
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Figure 9. Precursor molecules of the vasoactive peptides targeted by the immunoassay.

An antibody labelled with a luminescent tracer (depicted by a star) detects stable fragments of the respective
precursor molecules, for quantification via a luminometer. MR-proADM = midregional pro-adrenomedullin; MR-
proANP = midregional pro-atrial natriuretic peptide. Adapted from Morgenthaler et a/?3%239.240,

Copeptin levels can change rapidly in response to exercise and excessive fluid
intake, reflecting its role in maintaining salt and water balance****, but in general,
the assays are considered robust.

Statistical considerations: Papers I1-IV

General statistics

Non-parametric tests — comparisons and correlations

For biomarker correlations and comparisons between groups, non-parametric tests
were performed. These are based on ranks rather than true values and should be used
when normal distribution cannot be assumed, as was the case in the translational
studies. Hence, Spearman rank correlation was employed, as well as the Mann-
Whitney, Kruskal-Wallis and Wilcoxon tests for comparisons between different
groups and time-points.

Survival estimation

Similarly to Paper I, survival in the translational studies was calculated using
Kaplan-Meier curves and Cox regression. Since most of the studied biomarkers
were exploratory, there were no predefined reference ranges for normal values.
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Hence, each biomarker was split into groups based on tertiles or quartiles. Of note,
the subgroups were defined in advance, to limit data-driven analysis. The following
test groups were assessed:

Paper II: The control arm was compared to the adherent subgroup in the LMWH
arm, as defined by anti-FXa activity and Heparin Red fluorescence. Patients
receiving therapeutic LMWH due to a VTE diagnosis prior to cycle 3 were excluded
from the survival analysis.

Paper I11: The biomarkers were divided into tertiles (low/intermediate/high), except
for EV-TF where the distribution was particularly skewed with a large proportion
of values below or near the limit of detection. Therefore, EV-TF was dichotomised
at the 75" percentile.

Paper IV: All biomarkers were split into quartiles. After having identified ST2 and
MR-proADM as particularly strong predictors of mortality, a combined biomarker
score, ranging between 2-8 points, was generated by adding the quartile scores 1-4
for ST2 and MR-proADM, respectively. A low combined score was defined as 2-5
points and a high combined score as 6-8 points.

Univariable Cox regression analysis was carried out in all studies. An additional
multivariable model was used in Paper 1V, adjusted for the recognised prognostic
factors age, disease stage, gender, performance status, leukocytosis and
hyponatremia.

Specific statistical analyses

Adherence calculations

In order to define patients that were considered to be adherent to LMWH therapy,
cut-off values were determined for anti-FXa activity and Heparin Red mean
fluorescence respectively. The values were obtained at the point maximising the
product of sensitivity and specificity, and a Receiver Operating Characteristics
(ROC) analysis was performed. The adherent and non-adherent patients of the
LMWH arm were referred to as the LMWH,s and LMWHyenadan subgroups,
respectively.

Predictive value of enoxaparin

One of the key questions in the coagulation paper, Paper III, was to examine if
patients with hypercoagulability would derive a greater benefit from LMWH
therapy. To assess the potential effect of enoxaparin on survival based on biomarker
expression, a multivariable Cox model with enoxaparin as an interaction term was
performed.
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Prediction modelling — imputation and stepwise backwards linear regression

In Paper IV we were interested in investigating how the CV biomarkers compared
to established prognostic factors. A prediction model was set up based on stepwise
backward logistic regression with survival at 1 year as outcome. All experimental
biomarkers were evaluated in this stepwise modelling procedure, as well as disease
stage, age, performance status, gender, and routine laboratory parameters including
haemoglobin levels, white blood cell count, platelet count, creatinine and sodium
concentrations. Because of missing data for some of the candidate variables, 10
complete datasets were constructed using multiple imputation with chained
equations. Linear regression imputation models were used for all variables with
missing data, and the complete set of predictors evaluated in the study were used as
predictors in these models.

A short note on the value of P

In medical literature, a P-value <0.05 is generally considered to be statistically
significant. It indicates that the probability of obtaining the actual result is less than
5%, if the null hypothesis is true (i.e. if there is no difference)?®. The lower the P-
value, the lower is the probability that the results are obtained by chance, which
means that we can trust the results to represent a true correlation. However, we need
to bear in mind that a significant P-value does not necessarily reflect clinical
relevance, and it should be interpreted with caution. A P-value of 0.06 is considered
borderline significant. Why then, is a P-value of 0.04 not considered borderline
insignificant? The use and misuse of the P-value is an ongoing debate among
scientific statisticians®*>?*® and the question of moving away from the significance
threshold has been raised multiple times. Rather, it could be viewed as a continuous
measure. Nevertheless, with regards to re-evaluating the importance of P-values, in
this respect, we are no pioneers. The results in this thesis are reported as they are,
with P-values ranging from high to low. And a value of 0.03 makes us significantly
happier than a value of 0.06.

Confidence intervals (CI) are often more informative as they not only tell you if a
value is significant, but also provides a range. For example, a 95% CI gives you the
range within which you can expect to find the true value, in 95 out of 100 cases.
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Results

The main findings will be summarised in the following section. For a more detailed
description of results, baseline characteristics of the study populations and
supplementary material, see the original papers.

Paper I

Aim: To investigate if the addition of LMWH to standard treatment improves overall
survival in SCLC. The secondary outcomes include progression-free survival, the
incidence of VTE and haemorrhage.

In total, 377 patients were included in the final analysis, of which 186 were in the
LMWH arm and 191 were in the control arm.

e Median OS was 10.6 months in the LMWH group and 11.3 months in the control
group, with a HR of 1.11 (95% CI 0.89-1.38; P=0.36), as presented in Figure
10. Adjustment for age, gender, disease stage and performance status, and
stratification for study centre yielded a HR of 1.14 (95% CI 0.91-1.45; P=0.26).

e Subgroup analysis did not reveal any improved survival based on disease stage,
with HR 1.17 (95% CI 0.80—-1.70; P=0.41) in limited disease and HR 1.07 (95%
CI1 0.82—1.40; P=0.63) in extensive discase.

e PFS was 5.8 and 6.9 months in the LMWH and control arms, respectively (HR
1.18; 95% CI1 0.95-1.46; P=0.14).

e In the control arm, 16 patients (8.4%) developed a VTE, including two fatal
pulmonary emboli. In comparison, 5 patients (2.7%) in the LMWH group
developed VTE, none of which were fatal. The cumulative incidence of VTE at
6 months was 2.5% and 8.5% in the LMWH and control arms, respectively (HR
0.31; 95% CI1 0.11-0.84; P=0.02), see Figure 11.
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Figure 10. Overall survival by treatment arm.
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e The rate of haemorrhagic events was higher in the LMWH group, but most were
considered clinically non-relevant (CTCAE grades 1-2). Fatal pulmonary
haemorrhages were reported in both study arms, three in the LMWH group and
one in the control group.

In summary, the addition of the LMWH enoxaparin did not improve survival in
SCLC, despite a significant reduction in VTE events.

Paper 11

Aim: To objectively assess adherence to LMWH therapy using an experimental
assay in conjunction with an established method for monitoring LMWH, and to
determine if survival was improved in patients that were considered adherent.

Plasma samples collected prior to start of chemotherapy cycle 3 were available for
258 patients. Five patients had initiated therapeutic anticoagulation due to a
diagnosis of VTE before cycle 3 and were only included in the assay validation
analysis. The final adherence analysis included 253 patients; 125 and 128 in the
LMWH and control arms, respectively.

e The presence of LMWH in plasma was detected and quantified by the Heparin
Red assay, corresponding to enoxaparin concentrations of 0-8.1 pg/mL. The
Heparin Red fluorescence strongly correlated to anti-FXa activity in an inverse
relationship (Spearman’s rho = -0.724; P<0.001).

e The distribution of anti-FXa activity and Heparin Red fluorescence in patients
receiving prophylactic LMWH, therapeutic LMWH and patients in the control
arm receiving no LMWH, revealed clear dose-response relationships with
significant differences between the subgroups (P<0.001 by the Kruskal-Wallis
test), as shown in Figure 12.

e To estimate adherence for the respective assays, ROC analyses were performed.
For anti-FXa, the cut-off value of 0.082 identified the point maximising
sensitivity (84.8%) and specificity (91.4%). Using this cut-off value, 106 (85%)
patients were considered adherent and 19 (15%) were considered non-adherent
in the LMWH arm.

e For the Heparin Red assay, the fluorescence cut-off value of 45,913 gave a
sensitivity of 68.0% and specificity of 82.0%. Notably, this fluorescence value
corresponded to the enoxaparin concentration of 0 pg/mL. Eighty-five (68%)
patients were defined as adherent and 40 (32%) were defined as non-adherent,
based on the Heparin Red assay.
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e Survival analysis comparing the control arm to the adherent subgroup in the
LMWH arm, did not reveal any differences in outcome, with HRs of 1.26 (95%
CI: 0.95-1.67; P =0.105) and 1.19 (95% CI: 0.89-1.60; P = 0.248), as defined
by anti-FXa and Heparin Red, respectively (Figure 13).
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Figure 12. Dose-dependent distributions of anti-FXa activity and Heparin Red fluorescence.

Boxplots illustrating dose-response relationship of anti-FXa activity (A) and Heparin Red fluorescence (B) based on
treatment groups: control arm (not receiving any LMWH, N=128), LMWH arm (receiving prophylactic LMWH, N=125),
therapeutic LMWH (receiving therapeutic dosages of LMWH due to prior VTE, N=5). LMWH = low-molecular-weight
heparin; anti-FXa = anti-factor Xa.
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To conclude, both the Heparin Red and the anti-FXa assays were able to provide an
estimation of enoxaparin levels in patient samples and could potentially be used to
assess adherence to LMWH. The adherence rates as defined by anti-FXa were
considered acceptable, and the predictive value appeared higher than for Heparin
Red. Survival was not improved in patients defined as adherent by either of the
assays, thus we can conclude that the negative results of the RASTEN trial cannot
be explained by inadequate adherence.

Paper III

Aim: To identify SCLC patients with increased coagulation activity and investigate
the correlation to survival and VTE. Ultimately, the objective is to identify a
subgroup of patients that benefit from prophylactic anticoagulants based on a
hypercoagulable profile.

A total of 242 patients were included in any of the coagulation assays in Paper III,
127 and 115 in the control and LMWH arms, respectively. Twelve patients in the
control arm and three in the LMWH arm developed a VTE during the study period.

e Baseline EV-TF, but none of the other biomarkers, was significantly higher in
patients with ED as compared with LD (P = 0.04).

¢ A modest, but significant, increase in baseline TF was noted in control patients
subsequently diagnosed with a VTE (P=0.03). None of the other biomarkers
correlated to VTE incidence.

o High levels of TG-Peak were significantly associated with a reduced OS,
particularly in patients with ED (HR 1.69; 95% CI 1.11-2.57; P = 0.01). For
improved readability, Figure 14 shows Kaplan-Meier curves of 1-year survival
based on TG-Peak. For OS curves, please see the original paper.

e With the exception of EV-TF, none of the other biomarkers showed a predictive
value with regards to LMWH therapy. However, rather than predicting a positive
response to anticoagulants, we found low levels of EV-TF at baseline to predict
a reduced survival in patients receiving LMWH, compared to patients in the
control arm (HR 1.42; 95% CI 1.04—1.95; P =0.03).
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Figure 14. 1-year survival for all patients and by disease extent, based on TG-Peak values at baseline (tertiles).
TG-Peak denotes the peak height of the thrombin generation curve obtained by the thrombin generation assay. TG =

thrombin generation.

In all, we were not able to identify a distinct patient population with a particularly
high coagulation activity. The results indicate a rather scattered picture, with total
TF correlating to VTE risk, TF bound to EVs predicting a negative response to
LMWH, and TG-Peak, but none of the other thrombin generation parameters, as a
poor prognostic factor. Importantly though, this study supports the conclusion from
the RASTEN trial, in that prophylactic LMWH should not be recommended in the
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Paper IV

Aim: To explore the prognostic impact of circulating biomarkers related to
cardiovascular function in SCLC.

For this study, 252 patients were included in the final analysis, of which 104 patients
had LD and 148 had ED at diagnosis.

All measured biomarkers showed a correlation to survival in the unadjusted Cox
regression analysis, particularly in patients with ED. The effect remained for all
except MR-proANP in the multivariable model.

Based on MR-proADM, median OS was 6.7 and 17.1 months in the quartiles
with the highest and lowest MR-proADM levels, respectively (adjusted HR:
2.18;95% CI 1.35-3.51; P=0.001). Subgroup analysis by disease extent gave an
adjusted HR for OS of 3.49 (95% CI 1.84-6.60; P<0.001) in patients with ED.

Similarly, comparison of the top and bottom quartiles based on ST2 yielded an
adjusted HR for OS of 2.40 (95% CI 1.44-3.98; P=0.001) in the entire cohort,
and 3.43 (95% CI 1.73-6.79; P<0.001) in ED patients.

Prediction modelling incorporating the CV biomarkers as well as clinical factors
and routine laboratory parameters identified three variables, MR-proADM, ST2
and tumour stage, as the main prognostic factors with respect to 1-year survival
(P<0.01).

Furthermore, combining the quartile scores for ST2 and MR-proADM revealed
a significantly reduced median OS of 7.0 months compared to 14.9 months
(P<0.001), in patients with a high vs low combined score, respectively. Notably,
in LD, a low quartile score corresponded to a median OS of 22.9 months (N=75)
compared to 9.8 months in patients with a high score (N=24) (unadjusted HR:
2.43;95% CI 1.46-4.04; P=0.001). Accordingly, at two years of follow-up, 41%
were alive in the LD low-scoring subgroup, compared to 8% in the LD high-
scoring subgroup. Figure 15 illustrates the 1-year and OS curves based on the
combined biomarker score.

Neither MR-proADM nor ST2 were predictive of response to enoxaparin
(P=0.44 and P=0.29, respectively), as assessed by multivariable regression
model with enoxaparin as an interaction term.
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Figure 15. Kaplan-Meier analysis of survival by combined biomarker score of MR-proADM and ST2.
a) 1-year survival, all patients; b) overall survival, all patients; overall survival in c) limited and d) extensive disease.

To summarise, in Paper IV we demonstrate that biomarkers of CV function, ADM
and ST2 in particular, strongly correlate to survival, independently of established

prognostic factors.
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Discussion

Papers I-111

Contrary to our hypothesis, RASTEN did not demonstrate an improved survival
with the addition of enoxaparin. Our findings are supported by results from other,
contemporary RCTs investigating the effects of prophylactic LMWH in cancer of
the lung!3*133257 and at other sites'*®?%%, Yet, a negative trial does not necessarily
have to be considered a failure, as long as the research question in itself is relevant.
At the time when RASTEN was initiated, there was an apparent knowledge gap,
reflected by the numerous other trials that were run in parallel. The question was
widely debated, and anticoagulants were used on broad indications, assuming
positive effects on survival. Hence, it may be argued that the results of RASTEN
and the other trials, although negative, provide direct benefit to cancer patients by
sparing them ineffective treatment with potential side-effects. Accordingly, the
findings of the RASTEN study contributed to the “2019 international clinical
practice guidelines for the treatment and prophylaxis of venous thromboembolism
in patients with cancer”, published by the International Initiative on Thrombosis and
Cancer (ITAC) advisory panel®”.

Nonetheless, we do need to ask ourselves the critical question - why? Why did
RASTEN fail to show a survival benefit? Let us start by revisiting the key statements
forming the rationale behind the trial, and keep these in mind during the discussion:

1. VTE is common in cancer and contributes to morbidity and mortality.

2. Cancer is associated with increased coagulation activation and several key
coagulation factors contribute to tumour progression.

3. Anticoagulants  have  demonstrated  tumour-inhibiting  effects
experimentally in vitro as well as in vivo, and several clinical trials have
shown improved survival specifically in patients with SCLC, receiving
prophylactic anticoagulants.
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Is venous thromboembolism less fatal than we previously thought?

Despite a significant reduction of VTE events by LMWH, RASTEN did not show
an overall survival benefit. This is consistent with results from the previously
mentioned trials by Macbeth et al.'** and Pelzer et al.'*, both demonstrating a
reduced VTE risk but no effect on survival, which raises the question to what extent
VTE affects mortality. It is conceivable that we today are able to detect and treat
thromboembolism at an earlier stage than previously, thereby preventing fatal
pulmonary emboli. Our diagnostic tools have certainly improved in comparison to
the clinical eye of Trousseau, and a significant part of all pulmonary emboli are
incidental findings on routine computerised tomography scans***?¢! which are
widely used today. It may also be argued that in clinical trials, such as RASTEN
that have VTE as an important end-point, surveillance of early VTE-associated
symptoms is increased, resulting in even earlier diagnosis and intervention. This
illustrates the potential negative bias of a trial cohort as opposed to retrospective
population-based cohorts in the reflection of the real-world setting.

Another point to consider is that some of the cancer types with the highest rates of
VTE, such pancreatic, gastric, brain or lung cancer’® are associated with a
particularly poor prognosis due to tumour aggressiveness per se. It is plausible that
the invasive tumour behaviour overrides the potential effect on mortality caused by
VTE, which thereby contributes to morbidity rather than mortality. Perhaps VTE
should be regarded as a marker of aggressive disease, rather than a cause of
increased mortality. Prophylactic LMWH should then be considered in the context
of morbidity and improved quality of life rather than survival (see below).

Tumour-promoting coagulation factors — is it a myth?

In Paper 111, we focused on what we perceived to be the principal coagulation factors
involved in carcinogenesis, namely TF and thrombin. Surprisingly, only one of the
thrombin generation parameters, TG-Peak, showed any correlation to survival. In
other words, we were not able to demonstrate that high levels of total TF, EV-
associated TF, or an overall hypercoagulable profile in plasma corresponded to
worse outcome. This suggests that the involvement of key coagulation factors in the
development and progression of SCLC is not as prominent as we expected. In
comparison, Thaler et al.*® found circulating EV-TF to correlate to mortality in
pancreatic cancer, but the relationship was not seen with gastric, brain or colorectal
cancer. This may indicate that the contribution of coagulation factors in tumour
biology varies depending on cancer type. Still, in pancreatic cancer, which is
extensively studied with regards to the high incidence of VTE and expression of TF,
anticoagulants have not been proved to prolong survival'*,

Does this imply that coagulation factors are not involved in carcinogenesis? This is
a rather provocative question considering the extensive amount of research in the
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field, and the answer may be of a more speculative nature. Most of the mechanistic
studies demonstrating tumour-promoting effects exerted by coagulation factors,
have been conducted in vitro or in vivo'®>. Importantly, these studies have addressed
the role of TF and other coagulation factors expressed by cancer cells in the tumour
microenvironment, as opposed to our studies that explored circulating levels in
patient plasma. Accordingly, a large body of studies have shown that increased
expression of TF in patient tumours correlates with worse prognosis in several
cancers, including in breast, lung, and pancreatic cancer’’2*2%  Hence, the
controlled laboratory assessment of plasma coagulant activity may not reflect the
complexity and dynamics of coagulation-dependent events in the tumour eco-
system. Future studies should address whether intratumoral coagulation activity
may correlate with patient survival and VTE risk in SCLC. Nevertheless, mouse
models as compared to humans may exhibit enhanced signalling pathways that
would otherwise have been inhibited by negative feedback loops, normally triggered
by activated coagulation proteases. Indeed, TFPI has been shown to exert
antiangiogenic and antimetastatic effects in preclinical studies’®, and a limitation
of our study was that it did not assess the contributions of TFPI and other
endogenous inhibitors.

Why did enoxaparin not improve survival?

Assuming that VTE and coagulation activation are important in tumour biology,
what are the possible reasons for the lack of survival benefit with LMWH? In an
attempt to answer this, the following discussion points are divided into subsections
covering aspects of administration, distribution, target, action and agents.

Administration - Was enoxaparin administered correctly?

Could the negative results of RASTEN, and possibly other RCTs with LMWH, be
explained by inadequate adherence? That is what we set out to answer in Paper II.
Adherence is challenging to assess, but it deserves our attention in clinical trials as
well as in the real-world setting, especially in the case of self-injected agents.
Adherence is often defined as the extent to which patients take the medication as
prescribed by their health care provider, and can be influenced by numerous factors,
such as patients’ perception of the disease or potential benefit of the treatment, side-
effects of the medication and the presence of psychological or cognitive
impairment®. Patient-reports, diaries and counting syringe boxes, as in RASTEN,
are simple ways to measure adherence, but can easily be altered and provide no
guarantee that the medication has indeed been administered as prescribed?®®.
Therefore, we were interested in exploring adherence to enoxaparin by objectively
assessing plasma levels of LMWH using the established anti-FXa assay, in
conjunction with the experimental Heparin Red assay.
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Adherence rates in the RASTEN cohort were considered adequate, particularly
based on the anti-FXa measurements, and in line with previous literature where rates
of >80% are generally regarded as acceptable’®’. Importantly, survival was not
improved in the subgroup defined as adherent. Thus, it is unlikely that the negative
results of RASTEN were due to inadequate adherence, or that outcome would have
been improved with perfect adherence rates.

A drawback of our study is the lack of information regarding the timing of the
enoxaparin injections and the collection of blood samples. Thus, the assays provide
a snapshot of the LMWH levels, but cannot inform us of long-term adherence. There
have been reports of the so-called ‘white-coat adherence’ phenomenon®®®2%°, where
patients improve their medication-taking behaviour during the days preceding a
health care visit. If this was the case in RASTEN, the estimated adherence might be
overrated. On the contrary, the half-life of enoxaparin is relatively short, which may
underestimate the adherence rates. When preparing for the coagulation study (Paper
III), the question of adherence had not yet been raised. Since enoxaparin interferes
with the thrombin generation assay performed in Paper III, patients in the LMWH
arm were excluded from analysis at cycle 3. However, it has been proposed that
endogenous thrombin potential is superior in monitoring LMWH compared to anti-
FXa activity?®, and in hindsight, it might have been of interest to perform the TGA
in the LMWH patients as well, as part of the adherence study to further validate the
assay methods.

Distribution — Did enoxaparin reach its target?

Aggressive tumours are characterised by hypoxia, which develops as the cancer
cells outgrow their blood supply. Hypoxia is associated with increased resistance to
treatment’, partly explained by reduced vascularisation leading to impaired
distribution of the therapeutic agents. Notably, hypoxia has been shown to induce
TF expression, thus linking hypercoagulability to the hypoxic tumour niche*.
Hence, it is possible that enoxaparin, a highly charged macromolecule, did not reach
the most procoagulant and invasive tumour cells, due to poor circulation and limited
distribution within the hypoxic tumour niche. In contrast, in animal studies
investigating tumour-inhibiting effects of anticoagulants, LMWH is often injected
at a time when cancer cells are known to be present in the circulation, making them
more vulnerable to the effects of heparin as compared to later stages when the cancer
cells have homed into a specific site and are less exposed to LMWH'%, Following
this line of thought, the ideal time for prophylactic anticoagulants would be at the
time of metastatic seeding, which is, of course, impossible to foresee, unless we
could be guided by detection of e.g. circulating tumour cells (CTCs) or ctDNA in
plasma? Notably, experimental studies have linked increased expression of TF in
CTCs to epithelial-mesenchymal transition and enhanced colonising potential in the
lungs. This was supported by the identification of CTCs overexpressing TF in the
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blood of metastatic breast cancer patients?’®. Could it even be possible that TF-
expressing CTCs may act as embolus for distant VTE formation?

Target — Was the target correct?

The anticoagulant effects of LMWH are mainly exerted through the ability to
directly inhibit FXa and thrombin. In contrast, TF, the main initiator of the
coagulation cascade, which is put forward as a principal tumour-promoting
coagulation factor, is indirectly inhibited via the release of TFPI (Figure 16). As
described in the introduction, PAR-signalling is another important aspect of TF-
dependent coagulation activation, and it may be argued that coagulation-induced
tumorigenesis is primarily linked to TF-mediated PAR activation that occurs up-
stream of FXa and thrombin generation. Specifically, the TF/FVIla initiator
complex and the TF/FVIla/FXa tertiary complex have been shown to trigger PAR
signalling, promoting metastasis and angiogenesis. Hence, direct targeting of TF
may be a more successful approach, as supported by recent antibody-drug-conjugate
trials, leading to the accelerated approval in the USA for the treatment of recurrent
or metastatic cervical cancer®®?!.

Action — Was the action correct?

It is possible that other factors relating to the administration of LMWH may have
influenced the outcome, such as the choice of dosing. There is some evidence
indicating that the actions of heparin may be dose-dependent, as relatively low
heparin concentrations have been found to bind and stabilise growth factor ligands,
such as FGF, to potentiate their functional activity, whereas a higher concentration
may compete with ligand interactions and inhibit down-stream functional effects
on, e.g. angiogenesis and metastasis?’?. Thus, according to these findings, heparin
has a narrow therapeutic window with regards to anti-cancer activity.

Consistently, in RASTEN, patients in the intervention arm received enoxaparin at
the supraprophylactic dose of 1 mg/kg once daily, with the aim to optimise the
tumour-inhibiting effect whilst limiting the risk of major haemorrhage. Three
patients in the LMWH arm developed fatal pulmonary haemorrhages, compared to
one patient in the control arm, illustrating the problematic toxicity profile seen with
higher dosages. Intriguingly, there were two events of fatal pulmonary emboli in the
control arm but none in the intervention arm. Hence, it could be argued that LMWH
may have prevented two fatal thrombotic events whilst causing two fatal
haemorrhages.

Agents — Would other anticoagulants have achieved different results?

The affinity for blocking thrombin in relation to FXa varies with the different
LMWH compounds as it is dependent on the size of the heparin fragments. As
antithrombotic agents, the compounds are considered comparable'®, but it is
conceivable that the anti-metastatic and anti-angiogenic potentials differ between
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the drugs. On the other hand, various clinical trials have studied the effects of
dalteparin as well as tinzaparin and nadroparin amongst others, without
demonstrating any clear benefit of one specific agent'**!332%% Thus, it seems
unlikely that we would have achieved dramatically different results if we had chosen
an alternative LMWH.

@ —C

@@
Heparin

4

DOAC:
o @

DOAC:
Fibrin clot
formation

Figure 16: Targets of anticoagulants

A schematic summary of the coagulation factors targeted by commonly used anticoagulants. Heparin and low-
molecular-weight heparins target FXa and thrombin directly and TF indirectly via the release of TFPI. DOACs target
either FXa or thrombin. TF = tissue factor; TFPI = tissue factor pathway inhibitor; DOAC = direct oral anticoagulant;
Flla = thrombin. Created with Biorender.com.

As DOACs are emerging as an alternative to LMWH for the treatment and
prevention of cancer-associated VTE, it is reasonable to consider the potential role
of DOAC:s as antitumoral agents. DOACs are small molecule inhibitors targeting
either Flla (thrombin) or FXa (Figure 16). It is plausible that the direct FXa
inhibitors have better chances of attenuating cancer growth compared to Flla
inhibitors, as they may target the TF/FVIla/FXa complex, affecting downstream
coagulation as well as PAR-mediated signalling?’. So far, however, results from
preclinical studies have been inconclusive®’. Both pro- and anticarcinogenic effects
have been demonstrated and the outcome appears to be dependent on the type of
animal model and timing of drug administration, with respect to cancer cell
inoculation®™,
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In line with this, in two recent RCTs investigating the safety and efficacy of direct
anti-FXa inhibitors as thromboprophylaxis in cancer patients, with intermediate-
high risk of VTE based on the Khorana score, mortality was reported as secondary
outcome?”?®. The VTE rates were significantly reduced with active
thromboprophylaxis, but there were no differences in survival when comparing
patients with and without anticoagulants. In other words, patients considered at high
risk of VTE based on clinical parameters, did not benefit from DOACs with regards
to mortality. Patients were not stratified by markers of coagulation activity, but
overall, the results are discouraging, and to my knowledge there are no ongoing
trials investigating the effects of DOACs on survival as the primary endpoint.

Why did previous studies show positive effects on survival?

The three main trials demonstrating survival benefits with anticoagulants were
conducted in the late 1970’s-1990°s'27-12°, This was before a consensus was reached
regarding the combination of platinum compounds and topoisomerase inhibitors as
the recommended first-line regimen in SCLC. Thus, the patients in the trials
received a range of various therapies. The regimens were comprised of three, or
even four, cytotoxic agents, including cyclophosphamide, anthracyclines or vinca
alkaloids. Such chemotherapy agents are associated with a high degree of general
toxicity, but more specifically, the risk of cardiac toxicity is particularly increased
with cyclophosphamide and anthracyclines®®.

This could imply two things. Firstly, it is possible that patients in the early trials
were at higher risk of developing CV complications, which were prevented by the
prophylactic anticoagulants. On the other hand, it seems unlikely that the
contribution of CV events on mortality can fully explain the survival benefit seen
with anticoagulants. Secondly, it is conceivable that the discrepancy in outcome
between the early, positive studies and the more recent, negative studies, is due to a
general improvement in the management of SCLC, with more favourable
chemotherapy combinations, improved radiographic monitoring and, as previously
mentioned, earlier detection of VTE.

To further emphasise this point, the response rates in the trial by Altinbas ef al.'*
were remarkably low. Patients receiving chemotherapy alone exhibited an objective
response rate of 42.5%, and in ED-patients as little as 13% achieved a partial or
complete response. In comparison, the objective response rates in patients with ED
receiving platinum and etoposide range between 58-64% in large, modern
trials'3®!157176 S0, even if major improvements have been lacking, there may have
been small steps forward into the care of SCLC.

Finally, the SCLC cohorts in some of the early trials were small, with N=50 and
N=84 in the trials by Zacharski and Altinbas ef al.'?"'?°, respectively, which may
have affected the statistical power and generalisability of the results.
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Could there still be a role for prophylactic anticoagulants?

The results of this thesis provide strong evidence against the general use of
prophylactic anticoagulants with the purpose of prolonging survival in cancer.
Indeed, in view of the recent trials, RASTEN included, current international
guidelines clearly state that anticoagulants should not be used in the absence of an
established VTE to improve survival'. Still, we must not forget that a significant
part of cancer patients will develop VTE, which may be prevented by
anticoagulants. Thus, current guidelines recommend the use of thromboprophylaxis
in high-risk patients, as defined by the Khorana score. However, the Khorana VTE
risk score could be improved, as less than 25% of patients developing VTE are
identified as high-risk, and the predictive value has not been confirmed in patients
with lung cancer?>?"”. Therefore, it is still justified to continue the efforts to optimise
the prediction models.

For this purpose, EV-TF has received attention due to its association to VTE in
cancer patients*®?’8, although other studies have not been able to demonstrate a
correlation*>?”, In a phase-II trial, cancer patients were stratified based on their
levels of EV-TF and those with high levels were randomised to receiving
prophylactic enoxaparin or no prophylaxis. Although not statistically confirmed, the
study found higher rates of VTE in the control group, whereas enoxaparin reduced
the thromboembolic events to the magnitude of patients with low levels of EV-
TF?®, The study was not accurately powered to detect differences in mortality.

Consistently, in Paper III we were hoping to find high coagulation activity to predict
a beneficial response to LMWH, but as previously described, the results were not
clear-cut. Indeed, rather than enoxaparin prolonging survival in patients with a
hypercoagulable profile, we found low coagulation activity to be a negative
predictor of response to LMWH. This supports the notion that prophylactic LMWH
should not be recommended in the general management of patients with SCLC.
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Paper IV

What are the implications of cardiovascular biomarkers in SCLC?

The results of Paper IV show that the cardiovascular biomarkers, ADM and ST2 in
particular, strongly correlate to survival in SCLC, which raises a number of
questions. What are the implications of these findings? What do the biomarkers
represent, and how could it affect management? What follow-up studies should be
performed?

What do the biomarkers represent?

A major drawback in our study is the lack of information regarding CV status, as
this was not reported as part of the clinical trial. Because of this, correlations
between measured biomarkers and known CVD were not possible. Therefore, we
cannot conclude that the increased mortality in patients with raised biomarker levels
is due to the presence of CVD.

If we presume that the biomarkers are cardiac-derived, do the results imply that
patients with high levels die due to CV comorbidity? CVD is reported as the cause
of death in six patients in the cohort, with the corresponding combined biomarker
scores ranging between 2-8 points, making such conclusions difficult to draw.
Another possibility is that mortality is increased because of poor tolerance to
therapy, leading to suboptimal management. Further, it is conceivable that the
oncological therapy unmasks or potentiates a pre-existing CV vulnerability.

If, on the other hand, the biomarkers are tumour-derived, do they merely reflect a
particularly aggressive phenotype, or are they actively involved in tumorigenesis?
Would that suggest their potential use as therapeutic targets? Pre-clinical evidence
suggests that ADM, as a vasoactive peptide, contributes to angiogenesis and tumour
growth??>??_ In addition, as ADM is induced by hypoxia it is plausible that it can
be expressed by cells in the hypoxic tumour microenvironment. The role of ST2 in
cancer is, so far, inconclusive as there is evidence of both pro- and anti-tumoral
effects?!253,

Acknowledging that plasma ADM and ST2 can be raised in other conditions such
as sepsis, endocrine and respiratory disease’?***°, we cannot rule out that the
biomarkers are influenced by a third, unknown factor. Furthermore, it would have
been valuable to correlate biomarker levels to smoking status, as there is some
evidence that both ADM and ST2 may be up-regulated by cigarette smoke?!-*52,
representing a possible confounder. Overall, additional, longitudinal analyses of
ADM and ST2 in the RASTEN cohort, i.e. at treatment cycle 3 and at 2 month
follow-up, as well as assessment of tumoral ADM and ST2 expression, could bring
increased insight into some of these questions.

71



How does this affect management of SCLC patients?

Based on circulating levels of ADM and ST2, we have been able to identify patients
with a favourable vs a poor prognosis, independent of established prognostic factors.
How can we use this information? Do we need yet another prognostic indicator?
The implications depend on what the biomarkers represent.

If they reflect a subclinical vulnerability, this may imply that patients with high
biomarker levels are prone to developing CV toxicity and should be managed
conservatively, with modified chemo- and radiotherapy to avoid severe cardiac
events, whereas patients with low levels are more likely to tolerate ambitious
regimens. Perhaps optimisation of CV status could help improve outcome in the
high-scoring patients. Yet again, if the biomarkers represent an aggressive disease,
it could indicate that this patient group has more to gain from intense treatment,
possibly involving immunotherapy.

Concluding remarks

In contrast to other organ systems, such as respiratory, haematological, renal and
hepatic, which are routinely monitored as part of lung cancer management, CV
status is rarely assessed, despite a high prevalence of CV comorbidity, especially in
SCLC patients. Regardless of whether ADM and ST2 reflect cardiovascular stress
or not, it is highly justified to pay more attention to aspects of the cardiovascular
status in SCLC, potentially allowing for improved, more individualised treatment
decisions.

72



Strengths and limitations

The strengths and limitations are summarised in the table below. Considerations of
specific assay methods are described in the Methods section.

Tabel 3: Summary of strengths and limitations of the papers in the thesis
CV = cardiovascular; CVD = cardiovascular disease; ADM = adrenomedullin.

Strengths Limitations
Paper | Randomised controlled trial. Long enrollment period.

Large cohort with a homogenous patient Open-label design
population.

Paper Il Novelty of research question and design. Assays performed in two batches, with
the risk of technical bias.

Validation of an experimental assay in
relation to an established assay. Lack of information regarding timing of
injections in relation to blood withdrawal.

Paper Il Covers several aspects of coagulation Assays measuring inhibitory
activation. mechanisms were not included.
Cohort based on a randomised Relatively few thrombotic events.

controlled trial.

Paper IV Covers several markers of CV status. Information not available regarding CV

comorbidities, limiting the correlations

Concordance between MR-proADM and  between biomarkers and CVD.

ADM by Olink giving strength to the

results. Lack of information regarding patients’
smoking status, a possible confounder.

Cohort based on a randomised

controlled trial.
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Conclusions

Based on the findings of the papers in this thesis, we conclude that:

e LMWH does not improve survival in SCLC, despite a significant reduction
in venous thromboembolic events.

o The negative results of the clinical trial cannot be explained by inadequate
adherence to LMWH.

e Profiling of coagulation activity in plasma has not identified a subgroup of
patients where LMWH would be beneficial.

e Hence, the use of prophylactic LMWH cannot be recommended in the
general management of SCLC.

e Biomarkers of cardiovascular disease are potential prognostic factors that
deserve to be explored further in prospective studies.
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Future perspectives

One of the greatest challenges in oncology today is to select the right treatment for
the right patient. This is usually referred to as tailored, or personalised, medicine
and is often used in the context of therapies targeting oncogenic driver mutations,
where we are constantly being equipped with new tools. Great efforts have also been
made in an attempt to identify which patients will benefit from immunotherapy,
although the perfect predictive marker is yet to be found. This thesis has touched
upon another kind of personalised medicine, with the aim to identify patients that
might benefit from thromboprophylaxis, either to prevent VTE or to improve
survival. Additionally, using biomarkers of CV stress we have identified patients
with a poor vs a favourable prognosis, which holds potential as guidance in
individualised decision-making.

The implications of the latter findings are still unclear as there is much left to
discover regarding the roles of CV biomarkers in SCLC. This warrants further,
prospective studies encompassing the dynamic monitoring of ADM and ST2 in
conjunction with established CV parameters, such as plasma BNP and cardiac
function, for example evaluated by echocardiogram. An interesting aspect to
explore in the future would be the biomarker dynamics during treatment and at time
of progression. Do the levels increase during therapy, reflective of cardiotoxicity,
or do they decrease, in response to reduced tumour burden? Could changes in
biomarker levels predict time to progression? Furthermore, the incorporation of
radiation doses to cardiac structures would enhance our knowledge of the potential
predictive value of the biomarkers in terms of radiation-induced cardiotoxicity. Pre-
clinical studies focusing on the expression of ADM and ST2 in various tissues and
cell-lines under e.g. hypoxic conditions, may also shed a light onto the origins and
actions of the biomarkers, bearing in mind that soluble ST2, present in plasma, and
membrane-bound ST2, do not have the same functions.

With regards to anticoagulants as anti-cancer agents, either LMWH or DOAC:S, it
seems unlikely that they would have clinically relevant tumour-inhibiting effects if
they were administered in a different setting, not previously investigated. However,
the prediction of VTE is still important as thromboembolism contributes to
morbidity, sometimes with incomplete resolution of symptoms and psychological
consequences. Thus, further studies to optimise current risk assessment models are
warranted. It is possible that the coagulation factors measured at a systemic level do
not reflect the local events leading to a thrombosis. To assess coagulation factors at
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the site of a future VTE is near impossible for obvious reasons, but perhaps the
presence of coagulation factors in tumour tissue or the surrounding
microenvironment could give us a clue. We must not forget the coagulation-
independent actions of TF in cancer, including PAR-signalling events. The TF-
targeting antibody-drug conjugate tisotumab vedotin is currently being investigated
in several trials, the results of which are eagerly awaited.

Finally, the recent advances regarding the molecular subtyping of SCLC are indeed
promising. What features distinguish the different subtypes? What pathways are
upregulated? Are there any distinct profiles in the tumour microenvironment? I hope
that this will be explored in current and future clinical trials to give us tools to
overcome the recalcitrance of SCLC.
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Popularvetenskaplig sammanfattning

Géar det att bromsa cancer med blodfortunnande ldkemedel? Hur vet vi att
patienterna verkligen har tagit sin medicin? Hur véljer vi rétt behandling till ratt
patient? Det hdr dr ndgra av de fragor som vi har forsokt besvara i detta
avhandlingsarbete, som dr baserat pd en klinisk studie med lungcancerpatienter,
kallad RASTEN-studien.

Redan pé 1860-talet beskrev en ldkare i Paris, Armand Trousseau, ett samband
mellan cancer och en 6kad risk for att utveckla vendsa tromboser. Vendsa tromboser
ar blodproppar som antingen kan sétta sig i lungorna, dédr de kan orsaka andfaddhet
och brostsmartor, eller i armar och ben, dir de kan leda till smérta och svullnad. 1
vissa fall ger de inga besvér alls, men ibland kan proppar i lungorna till och med
vara dodliga. For att blodproppar ska bildas, kravs det att olika koagulationsfaktorer
aktiveras i blodet. Koagulationsfaktorer dr de &mnen som fér blodet att levra sig,
nagot som dr nddvéindigt ndr vi exempelvis har skadat oss. Nagra av de viktigare
faktorerna dr vivnadsfaktor, trombin och fibrin. Forskning har visat att dessa &mnen
inte bara bidrar till en 6kad risk for blodproppar, utan dven kan driva cancercellers
tillviaxt och spridning.

Oavsett om man har cancer eller inte, behandlas vendsa tromboser med
blodfortunnande lakemedel, som antingen ges som tablett eller i spruta. Ofta har
sprutor varit att foredra hos cancerpatienter da det ér forknippat med mindre risk for
biverkningar och interaktioner med andra lakemedel. S&, om koagulationsfaktorer
leder till blodproppar och 6kad cancervixt, och blodfértunnande likemedel kan
motverka proppbildning, kan det samtidigt himma tillvixten av cancercellerna?

Denna fraga har géickat forskare i flera decennier, och ett antal studier fran 1980-
och 90-talen har visat att tilldgg av blodfértunnande behandling faktiskt har forlangt
overlevnaden, specifikt hos patienter med en typ av lungcancer som kallas for
smacellig lungcancer (SCLC). Smaécellig lungcancer &r en sirskilt aggressiv form
av lungcancer med hog dodlighet. Den behandlas frimst med cellgifter och
stralbehandling, och trots att ménga patienter har god effekt av behandlingen i
borjan, far de flesta patienterna aterfall inom en kort period. Den forbéttrade
Overlevnaden som man antydde med blodfértunnande likemedel sags darfor som
ett vilkommet tillskott i behandlingsarsenalen.

Problemet med de tidiga studierna var att de baserades pa ett litet antal patienter
eller anvinde sig av omodern behandling i 6vrigt, vilket har gjort det svart att dra
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slutsatser fran resultaten. Detta ledde till att RASTEN-studien startades, en klinisk
studie dér patienter med SCLC fick sedvanlig cancerhimmande behandling, med
eller utan tilligg av det blodfértunnande likemedlet enoxaparin (Klexane), som
gavs dagligen under 3—4 manaders tid. Syftet med studien var att undersdka om
tilldgget av blodfortunnande enoxaparin kunde forbdttra 6verlevnaden i denna
patientgrupp.

I delarbete I beskrivs den kliniska delen av RASTEN-studien. Totalt inkluderades
377 patienter som lottades mellan att inga i den sa kallade "kontrollarmen’, dir man
fick standardbehandling (cellgifter, eventuellt i kombination med stralbehandling),
eller i ’enoxaparin-armen’ dir patienterna erholl standardbehandling med tilldgg av
blodfortunnande lakemedel. Resultaten visade ingen skillnad mellan grupperna —
patienterna som fick blodfértunnande levde lika linge som patienterna som inte fick
blodfértunnande, men déremot var det betydligt farre som fick blodproppar i
enoxaparin-armen. Att dverlevnaden inte forbittrades var tvértemot vad vi hade
hoppats pa nér studien startade 2008, men intressant nog har det publicerats flera,
liknande studier pa senare &r som har visat samma resultat som RASTEN, dvs att
blodfértunnande inte har forbéttrat prognosen, och alltséd inte verkar kunna bromsa
cancercellernas tillvéxt.

Detta fick oss och andra i forskningsfiltet att stilla frdgan — varfor? Varfor fick vi
de hér resultaten? Skulle det kunna bero péd att patienterna inte har tagit sitt
lakemedel som ordinerat? Enoxaparin ges dagligen som en spruta under huden,
vilket kan orsaka obehag och blamérken runt insticksstéllet. Patienters foljsamhet
med en lakemedelsbehandling ér séllan 100%, vare sig i studier eller utanfor, men
det ar ofta svart att méta foljsamhet pa ett objektivt sitt. I delarbete 1l bestimde vi
oss darfor for att mita nivaerna av enoxaparin i blodet pa patienterna i RASTEN-
studien. Vi anvénde tvd olika metoder, dels en etablerad analys som finns pé de
flesta storre sjukhus, och dels en experimentell metod som inte tidigare har testats
pa blodprov fran patienter. Resultaten visade att bada analyser aterspeglar nivéerna
av enoxaparin, och efter statistiska berdkningar uppskattades att ca 65-80% av
patienterna, beroende pa analysmetod, hade tagit det blodfortunnande likemedlet
som de skulle. Niar oOverlevnadsanalyserna upprepades med de ’foljsamma’
patienterna jamfort med patienterna i kontrollarmen, ségs fortfarande ingen
forbattrad 6verlevnad. Med andra ord kunde vi konstatera att de negativa resultaten
1 RASTEN inte beror pé otillrdcklig foljsamhet hos patienterna.

Kan det &dndé finnas en liten grupp patienter som kan ha nytta av blodfértunnande
lakemedel? 1 delarbete 11l undersdkte vi om vissa patienter hade extra hdga nivéer
av koagulationsfaktorer i blodet, som skulle kunna bidra dels till vendsa tromboser
och dels till en mer aggressiv cancersjukdom och sdamre prognos. Det ér tdnkbart att
dessa patienter faktiskt skulle kunna ha en positiv effekt av blodfértunnande
medicin, baserat pa vad blodproverna visar. Resultaten visade dock ingen entydig
bild. Av sex olika sitt att méta koagulationsaktiviteten pa var det endast en som
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visade en koppling till 6verlevnad. Dessutom sag vi att patienter med laga nivaer av
vavnadsfaktor levde kortare tid om de fick blodfértunnande behandling.

Slutligen, i delarbete IV har vi studerat markorer i blodet som vanligtvis ar kopplade
till hjért- och kérlsjukdomar. Majoriteten av alla patienter med SCLC ér aktiva eller
fore detta rokare, vilket bade bidrar till utveckling av cancer och av hjirt- och
kérlsjukdomar. En bakomliggande hjartsjukdom kan paverka hur vil en patient tal
den intensiva cancerbehandlingen, dd bade cellgifter och stralbehandling kan
forsdmra hjartfunktionen. Tyvérr vet vi ofta for lite om patienternas hjart- och
kérlfunktion nér de precis har blivit diagnosticerade med lungcancer, eftersom det
saknas enkla metoder att kartlégga detta pa. I det fjirde delarbetet métte vi &mnen i
blodet som kan stiga vid bland annat hjartsvikt. Sérskilt tvd av &dmnena,
adrenomedullin och ST2, var starkt kopplade till dodlighet, dvs hoga nivéer i blodet
forutspadde en kortare dverlevnad, och vice versa.

An sa linge vet vi inte om blodproverna aterspeglar en bakomliggande hjért- och
karlsjukdom som paverkar patienternas 6verlevnad, eller om det 4r cancercellerna i
sig som utsondrar dessa &mnen. Kan de till och med bidra till 6kad tumoérvaxt? Vi
har mycket mer att lira oss om vilken roll adrenomedullin och ST2 har vid
lungcancer, och eventuellt 4ven vid andra cancerformer dér hjartsjuklighet ar vanligt
forekommande. Resultaten behover bekréftas i nya studier dir man dven kan méta
hjértfunktionen pé andra sétt, tex med ultraljud av hjértat, men i forlangningen
skulle det kunna ha betydelse for hur vi viljer ritt behandling, till rétt patient.

Sammanfattningsvis kan vi konstatera att forebyggande behandling med
blodfértunnande ldkemedel inte okar Overlevnaden hos patienter med SCLC.
Genom att méita nivderna av enoxaparin i patienternas blod har vi kunnat utesluta
att resultaten i RASTEN beror pa att patienterna har latit bli att ta medicinen. Vi har
inte kunnat identifiera en mindre grupp patienter som skulle kunna ha nytta av
blodfértunnande ldkemedel, baserat pa koagulationsaktivitet i blodet. Daremot har
vi sett ett starkt samband mellan dverlevnad och dggvitedimnen som dr kopplade till
hjartsvikt, vilket leder till ménga nya fragestéllningar.
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